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Good understanding of the alignment mechanisms of liquid crystals on solid surfaces 
is a prerequisite for the successful design and manufacture of high performance liquid 
crystal-based optoelectronic devices. Apart from selecting certain types of alignment 
(homogeneous or homeotropic alignment, with a specified liquid crystal pretilt) it is 
important to ensure liquid crystal alignment uniformity across areas of several square 
centimeters. Even though uniform alignment of nematic liquid crystals over large 
areas can be achieved relatively straightforwardly the task of aligning ferroelectric 
liquid crystals in their SmC* phase is formidable. 
Liquid crystals can be aligned by a multiplicity of methods. These include the evap-
oration of thin inorganic solid films, grating structures and Langmuir-Blodgett films, 
all of which are studied in this work with an emphasis on thin silicon monoxide (SiO) 
films evaporated at an oblique angle. 
The study concentrates at first on the analysis of the bounding surfaces found in 
a typical device environment: namely the transparent conductive indium-tin-oxide 
(ITO) electrode with a thin film of SiO which has been evaporated over it at an 
oblique angle. By use of a scanning electron microscope it is shown that the ITO 
layer exhibits roughness comparable to the usually in device configuration encountered 
thickness of the subsequently evaporated SiO film. Atomic force microscopy reveals 
columnar growth of the SiO film while the underlying morphology of the ITO layer 
still determines the large scale structure of the resulting surface with which the liquid 
crystal is in contact. Secondary ion mass spectroscopy reveals that the SiO films are 
oxygen rich and contain molybdenum as a contaminant. 
Following the appropriate preparation of the bounding surfaces and their assembly 
into a sandwich structure liquid crystal material is injected. If SiO alignment pro-
moting films are used the final alignment of ferroelectric liquid crystals in their S mC* 
phase is found to be strongly and irreversibly dependent on the conditions during in-
jection. In this context the competition between flow and surface induced alignment 
is studied. Strategies to minimize or exploit the influence of the flow on alignment are 
discussed and a novel method to improve the surface quality of a silicon backplane is 
demonstrated to yield superior ferroelectric liquid crystal alignment. 
The influence of the SiO deposition angle and film thickness on the optical performance 
(e. g. contrast ratio, switching time, bistability) of ferroelectric liquid crystal cells is 
studied. Overall optimum performance is found to depend critically on the deposition 
angle but not on SiO film thickness. Appreciable contrast ratio is achieved even in cells 
without alignment promoting coatings highlighting the importance of controlling the 
liquid crystal flow tightly during the injection process. A theory describing pseudo-
bistable switching in ferroelectric liquid crystal cells is experimentally confirmed. 
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Chapter 1 
Introduction 
Und alien Pidnen gegenüber begleztet rnich die Frage: 'Was soil 
der garize Unsinn?'; eine Frage, die überhaupt ganz und gar von 
rnir Besitz zu nehmerz droht. Theodor Fontane 
1.1 Liquid crystal devices - history and future 
Over a hundred years ago in 1888 Otto Lehmann, professor for physics at the Technical 
High School of Karlsruhe and the leading crystallographer in Germany was studying 
samples that a colleague from Graz in Austria, Heinrich Reinitzer, has sent him. The 
samples were esters of cholesterols which showed a strange behaviour in the sense 
that upon heating from the crystalline state, the isotropic and clear liquid state was 
reached via a state in which the material appeared to be liquid but nevertheless 
opaque. Lehmann found this opaque liquid to be optically anisotropic and guessed 
correctly, without knowing the chemical structure of the cholesterol esters, that this 
anisotropy is caused by elongated molecules which align parallel with their long axes. 
It was him who named these puzzling samples 'fliefleride' or 'flüssige Kristalle' 
German for 'liquid crystals'. In other words, liquid crystals are materials that exhibit 
rnesornorphic' phases. 
Despite constant research efforts it would take another 95 years before the first corn- 
1  Of intermediate form. 
9 
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mercially produced device using liquid crystal technology appeared on the market: in 
1973 the Sharp Corporation introduced the first pocket calculator with a nematic liq-
uid crystal (NLC) display. In 1975 the existence of ferroelectric liquid crystals (FLC) 
was predicted [126] and in 1980 the surface-stabilized (SS) geometry for FLCs was 
invented enabling sub-microsecond switching with liquid crystals [40]. In the late 80s 
large area displays (up to 14") based on thin-film-transistor (TFT) technology and 
nematic LCs have become available. Today, 21" NLC-TFT displays can be bought on 
the high street (at admittedly high prices) [108], a 28" full colour TFT display is in 
its prototyping stage and a 42" display has been demonstrated successfully 2 . SSFLC 
based devices have two major advantages compared to NLC based devices: they have 
about three orders of magnitudes higher switching speeds, exhibit a larger viewing 
angle and are inherently optically bistable 3 . These properties encouraged companies 
to pursue research in this field, but even though the first prototype full paper size (up 
to A4 size) SSFLC displays have been put on show in the mid-eighties' [107], there 
is still no SSFLC based device on the market save a miniature display (8 mm by 6 
mm active area size, miniscule compared to the 28" NLC based display) in form of an 
evaluation kit' [181]. This is a direct manifestation of the fact that building SSFLC 
devices remains a formidable technological challenge. 
The commercial future is bright for liquid crystal based devices (LCD). They are slim, 
of small weight and consume very little power in comparison to alternative display 
technologies. Over the next few years the market is expected to grow exponentially 
(see e. g. figure 1.1). LCDs are expected to be found in cellular phones, wireless 
web viewers, desktop computer screens, as parts of digital cameras, camcorders and 
personal digital assistants. LC based miniature displays are used for head mounted 
applications be it for defence, medical or virtual reality applications. They can be 
used as components of projection display systems, where basically the enlarged image 
shown on the miniature display is projected onto a distant screen. Miniature displays 
'Sharp Corp., Japan. The larger display is produced by literally stitching two 21" screens together. 
'Devices have been especially designed to make full use of the FLC bistability {182J. 
the pioneers were Seiko, Philips and Canon 
5 DisplayTech, Boulder, CO, USA 
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Figure 1.1: Market development for liquid crystal based displays. Source: Sharp 
Corp., Japan 
also feature in optical systems that use coherent illumination, like reconfigurable free-
space optical interconnects [183] and optical correlators [100]. They can also be used 
as part of optical neural networks [34] and digital optical computing systems [30]. 
Conventionally, devices used in the latter context are called spatial light modulators 
(SLMs), even though this term is nowadays used for almost any pixellated miniature 
light modulating non-emissive device. For a review of competing flat panel display 
technologies see the recent special issue in [163]. 
1.2 Liquid crystal basics 
1.2.1 Terminology 
Three classes of liquid crystals are found in nature: 
• Therrnotropic liquid crystals: The liquid crystalline phase exists in certain tem-
perature regions. 
• Lyotropic liquid crystals: The liquid crystalline phase only exists in mixtures 
of compounds with high polarity and solvents like water. Soaps are typical 
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members of this group. 
.4mphotropic liquid crystals: Compounds that form both thermotropic and ly-
otropic phases. 
All liquid crystal molecules are highly anisotropic in shape and can be classified as 
• calamztic, i. e. rod-like molecules 
• discotzc, 1. e. disk-like molecules 
• sanidic, i. e. lath-like molecules 
In the following the term liquid crystal (LC) will he used as a short for 'thermotropic 
calamitic liquid crystals'. 
LCs typically consist of a hydrocarbon tail, a rigid core (two or more benzene rings) 
and a second side group attached at the other end of the core section which is ei-
ther polar, or contains a chiral component or both. The benzene rings can have 
substituents (like fluorine atoms) which influence the phase behaviour dramatically. 
The core groups can be linked together directly or have linking groups. The same is 
true for the joints of the hydrocarbon and polar tail with the core, respectively. A 
typical example for a nematic liquid crystal is 5CB (4-pentyl-4'-cyanohiphenyl) which 
is shown in figure 1.2a. Figure 1.2b illustrates the chemical structure of the first 
ever synthesized chiral SmC (S m C*) molecule DOBAMBC (p-decyloxybenzyhidene-
p'-amino-2-methylbutyl-cinnamate) [126], with the chiral 2-methylbutyl component 
on the right hand of the molecule. 
Depending on the exact molecular shape and composition LCs will exhibit at least 
one liquid crystalline phase. The material predominantly used in this work, CS-1031 
(see also appendix B.1), is a mixture of an unknown number of different molecules 
that exhibits the isotropic, nematic (N), smectic A (SmA), sniectic C* (S m C*, chiral 
SmC) and crystalline phase at different temperatures. The properties of the different 




Figure 1.2: ()ii the left I lie molecule 5( l. a small iiemnalic molecule. on the right 
DOBAMBC, the first ever synthesized compound exhibiting the chiral SmC phase. 
. In the isotropic phase the molecules exhibit neither orientational nor positional 
ordering, like any 'normal' liquid. 
. In the nematic phase the molecules show long-range orientational order, but no 
positional order. The nematic order can be characterized by the scalar order 
parameter 
S = <3 cos 2 /3_1>,  
where 3 is the angle between the long molecular axis and the nematic director 
n, which points along the mean direction of the molecular axis. S is zero in 
isotropic liquids, around 0.3 near the clearing point' and edges up to 0.7 close 
to the SmA-N phase transition. If all molecules were exactly parallel, S would 
assume the value 1. The nematic director orientations n and —n are equivalent. 
Optically, a nematic is a uniaxial medium with the optical axis parallel to n. 
• In the srnectic A (SrnA) phase the molecules rearrange themselves into equidis-
tant planes with their long axes on average normal to the layer plane. Within 
each layer the molecules have a nematic state of order and each layer behaves 
essentially like a two-dimensional liquid. The system is optically uniaxial with 
the optic axis being normal to the layer planes. The directions n and —n are 
equivalent. 
. In the smectic C (SmC',) phase the molecules remain in a layer like structure. 
Each layer is still a two-dimensional liquid. However, the molecules are tilted 
with respect to the layer normal at an angle 0. 
'Temperature of the nematic-isotropic phase transition. 
CHAPTER 1. INTRODUCTION 
	
14 
. If the LC molecule is optically active, i. e. contains a chiral centre (like the 
2-methylbutyl group in DOBAMBC depicted in figure 1.2h, it will because of 
symmetry reasons have a spontaneous polarization P. The direction of tilt 
will precess around the layer plane normal and the chiral SmC (SmC*)  phase 
is obtained, which is helielectrical. The molecular director n makes a polar tilt 
angle 6 with the smectic layer normal s. The azimuth angle 0 is degenerate. 
For consecutive layers q increases linearly with z and the director n rotates on 
a cone angle of 20. For an illustration see figure 1.5a. The smectic C phase 
is easily recognized with optical microscopy through the presence of focal conic 
structures as seen on plates 1.1.F and 1.1.G. 




Nematic 	 Sm A 
	
Sm C 
Figure 1.3: Molecular orientations in different phases. Not shown is the crystalline 
phase. Temperature is reduced from left to right. 
1.2.2 Continuum models 
The fundamental equation of static nernatic continuum theory is [51] 
Fd = K1(Vn)2 + K2(n. (V x n)) 2 + K3 (n x (V x n)) 2 , 	(1.2) 
where Fd is the distortion energy, n the nematic director and the K, > 0 elastic 
constants representing different distortions: splay (K 1 ), twist (K2 ) and bend (K3). 
All elastic constants are of the order of 10"N. 
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The equation can be rewritten for the SmC*  case. The elastic energy can be written in 
terms of the vectors s and c, where s is parallel to the layer normal and c is the smectic 
c-director as defined in figure 1.5b. The contributions to the elastic energy Id  are  f 
(c-director distortions), f (smectic layer distortions), f (coupling between c-director 
and layer distortions) and f (chiral elastic contribution). Thus we have [115] 
fd=f+f8+fc+f, 	 (1.3) 
= 1/2. B, (s (V x c)) 2 + 1/2 . B2 (Vc) 2  + 
1/2. B3 (c. (V x c + (Vs). (s X c))) 2 - 
B 13 (s. (V x c))(c. (V x c+ (Vs) . (sx c))), 	 (1.4) 
f3 = 1/2 A ll (c. (Vs). (s x c)) 2 + 1/2. A l2 (c. (Vs) . c) 2 + 
1/2. A21 ((S Xc). (Vs). (s x c)) 2 , 	 ( 1.5) 
fc = — Cj (c. (Vs) (s x c))(s. (V x c)) 
—C 2 ((s x c) (Vs) (s x c))(Vc) , 	 (1.6) 
f = Di s.(Vxc)—D 2c.(Vs).(sxc)-
Dc.(Vxc+(Vs).(sxc)). 	 (1.7) 
The coefficients Bi in equation 1.4 are called the 'Saupe' coefficients and correspond 
to bend (B 1 ), splay (B 2 ) and twist (B3 ) distortions of the c-director, whereas B 13 
corresponds to the coupling of between bend and twist distortions of the c-director. 
The coefficients Aij in equation 1.5 describe a curvature of the layers. The coefficients 
C2  in equation 1.6 correspond to a coupling between c-director and layer distortions. 
Finally, the coefficient D in equation 1.7 describes the c-director twist, the D1 term 
reproduces the tendency of the c-director to produce a constant bend, and the D2 
coefficient couples c-director twist to layer bending. Numerical values are assumed to 
be of the order of 10_12  N [51]. For simplicity the fiexoelectric contributions have not 
with 
and 
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been written down. Nevertheless, it should be apparent that the continuum description 
of smectics is much more complicated than the one of nematics. It is apparent, that 
the equations are rather difficult and analytical solutions only exist for the simplest 
geometries and boundary conditions. A more detailed discussion of the equations is 
beyond the scope of this thesis and for a more detailed discussion the book by de 
Gennes is warmly recommended [51]. 
1.2.3 Electro-optical effects 
Nematic liquid crystals 
Most commercial nematic LC devices are still based on variations on an effect first 
described in 1971 [167]: the twisted nematic (TN) effect. The principle of operation 
is shown in figure 1.4. Light modulation relies on the waveguiding capabilities of the 
LC which is forced by the surface boundary conditions to rotate linearly polarized 
light through 90° when no external field is applied to the device. The light then 
passes the exit polarizer which is perpendicular to the entrance polarizer. When an 
external electrical field is applied across the LC the molecules will align parallel to the 
electric field (perpendicular to the bounding surfaces), the twisted state unwinds and 
an optically uniaxial state develops which does not show any wave-guiding properties, 
with the result that light is blocked by the exit polarizer. Important LC material 
parameters are the birefringence An, which has to satisfy the condition 
6 = And/2A = 
1  1 ,3 (1.8) 
where 6 is the optical retardation induced across the cell gap d at the wavelength A of 
the incident light, a positive dielectric anisotropy L€ > 0 and suitable elastic restoring 
forces K2 . Switching only occurs above a certain threshold voltage V when the external 
torque exerted by the electric field on the helix exceeds the elastic restoring forces [167]: 
Vt=ir 
K 1  + (K3 - 2K 2 )/4 
f0LE 
(1.9) 
where the K, are the elastic constants as defined in equation 1.2. Large dielectric 
anisotropies and low elastic constants lead to low thresholds and therefore low oper- 






P 	 P 
LC LC 
0 
Figure 1.4: Principle of operation of a twisted nematic LCD. P: linear polarizers, G: 
bounding glass plates with transparent electrode and suitable alignment promoting 
layers, LC: nematic liquid crystal, I: intensity, S: switch. On the left the 'on'-state, 
with no external electric field applied to the cell; on the right, the 'off'-state when an 
external electric field is applied across the LC. 
ating voltages (in the range of 1 to 3 volts for typical cell gaps of 6 Pm. The switching 
times also depend crucially on the NLC parameters [21]: 
(1.10) 
L€E 2 d2 - Kir 2 
77d 2  
Toff 	j2' 
 
where the viscosity i is a rotational viscosity, d the cell gap, E the applied electric 
field and K is the numerator of the root in equation 1.9. Twisted nematic devices 
have poor transmission-voltage characteristics (i. e. the optical response curve is rather 
flat), which puts severe limits on the multiplexibility of TN devices. A solution to this 
problem was found by inventing the so-called super-twisted nematic LCDs in which 
the twist angle exceeds 90 0 and can be as high as 2700 [169]. For a review of the latest 
developments of nematic liquid crystal devices see [28]. 
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Ferroelectric liquid crystals 
As pointed out in section 1.2.1 if a chiral liquid crystal molecule exhibits a S mC* 
phase its director in the bulk will precess around the helical axis perpendicular to 
the smectic layers as shown in figure 1.5a. As P is coupled to the layer direction 
s and the molecular director n via P P8 (s x n) [107], bulk samples will not 
show any ferroelectric domains as the spontaneous polarization will macroscopically 
average out. By sandwiching the ferroelectric liquid crystal (FLC) in between two 
bounding surfaces with a gap smaller than the helical pitch of the LC, the helix will 
be unwound, all layer polarizations point in the same direction and hence the phase 
becomes ferroelectric. The FLC is now utilized in the so-called surface-stabilized 
geometry, and hence called surface-stabilized ferroelectric liquid crystal (SSFLC). In 
the absence of the helix there will be two stable, equivalent energy states, one with the 
P vector pointing 'UP', one with P pointing 'DOWN'. Different monodomains will 
possess anti-parallel P r, normal to the plates as illustrated in figure 1.5b. Switching 
Ix 
--- 	 -.--mI' 
Figure 1.5: On the left (a) the precession of the molecular director n in the bulk is 
shown. It precesses on a cone with opening angle of 29 along the s direction which is 
perpendicular to the smectic layers. On the right (b) the surface-stabilized geometry 
is depicted. Also the c director is defined. 
between the two stable states is achieved by applying a voltage across the liquid 
crystal layer, the SSFLC traversing the cone angle of 29 in the surface plane. This is 
the reason why FLC devices have much larger inherent viewing angle than nematic 
devices: there is no effective refractive index change of the extra-ordinary refractive 
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index when the FLC is switched or not, i. e. the angle between the propagation 
direction of light and the direction of the extra-ordinary axis of the LC is the same in 
both 'on'- and 'off'-states. The switching process can be visualized as a rotation of the 
molecule around the tilt cone angle. The two bistable states are separated by elastic 
and surface energy barriers which can be overcome by the application of the external 
field. Ideally, the smectic layers arrange in a bookshelf geometry (see figure 1.6) with 
the layers perpendicular to the bounding plates. The switching of the SSFLC is then 
equivalent to rotating the optical axis of a slab of uniaxial material'. Between crossed 
polarizers extinction is observed when one of the molecular axes is parallel to one of 
the polarizers axis. At other orientations light is transmitted, and the intensity can 
be written as [56] 
I = 10 sin  2x sin 2 (irLnd/A), 	 ( 1.12) 
where 10 is the incident intensity, x the angle of the optic axis relative to the polarizer, 
d, An and A as before. From that is apparent that ideally 9 should be 22.5°, i. e. the 
FLC rotates through 45°, which in turn gives maximum transmitted intensity: 2x = 
49 = 7r/2. The switching speed is limited by a rotational viscosity 'ii  and if the applied 
voltage is larger than the threshold voltage [51] 
B 1 r2 
vt= 7i , (1.13) 
where B 1 is one of the Saupe coefficients defined in equation 1.4 and P3 the spon-
taneous polarization of the material, the switching time can be approximated by 
equating the viscous to the electric torque[51] 
1 
Ton/ off = 	E' 	 (1.14) 
where P3 is the spontaneous polarization of the material. Switching speeds are of the 
order of several microseconds for a typical cell (2 jm cell gap) as opposed to several 
millisecond for nematics. Additionally, whereas nematic devices rely on relaxation of 
the director configuration driven by elastic forces into the equilibrium configuration 
without applied external fields, SSFLC are actively switched both 'on' and 'off'. It 
should be noted, that unlike in the nematic case the threshold voltage for FLCs 
7 Most FLCs are weakly biaxial, which can be neglected for all practical cases. 
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depends on the sample thickness. High spontaneous polarization implies high P. 
However, as will be shown in section 5.4, high P can be detrimental to good bistability. 
Unfortunately, in a real cell the situation is not quite that straightforward. The 
main reason for FLC cells not displaying properties of a uniaxial slab of material is 
the formation of tilted layer structures as illustrated in figure 1.6 [41]. The chevron 




Figure 1.6: Rather than having the ideal bookshelf geometry (D) where the smectic 
layers are parallel to each other across the cell gap, real SSFLC develop so-called 
'chevron' structures where the layers are still parallel to each other but the layer 
normal makes an angle +8 with bounding surface normal. Furthermore, the structure 
can be symmetric, as in (A) and (B) or asymmetric (C) with a layer kink (or cusp) 
somewhere in the middle of the cell. Defects occur at chevron interfaces (i. e. where 
the letters (A), (B) and (C) are positioned). 
defects [144], as shown on plates 1.1.A to I.I.E. The existence of the chevron layer 
structure has also been confirmed by X-ray investigations [142, 161]. The origin of the 
tilted layer structure is caused as a response to the shrinking of the layer separation at 
the SmA - S mC* phase transition because the layer spacing is fixed at the bounding 
surfaces. In the SmA phase the layers are separated by a distance da , at the phase 
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transition the molecules will tilt to some extent and the new layer spacing is d which 
is related to da through d = da  cos 5, where 8 is the angle the new layer normal 
makes with the original layer normal as shown in figure 1.6. The layer tilt angle 8 
is usually 2° to 30  less than the cone angle 0 at room temperature [161]. A series of 
different stable director configuration with zero pretilt can co-exist both in the FLC 
bookshelf geometry as well as in the chevron geometry. The splayed states, in both 
configurations caused if the molecular dipole points at both bounding plates points 
toward the substrate, can be a reason for lack of an extinction angle between crossed 
polarizers. The states in both configurations are depicted in figure 1.7 (from [56]). In 
Figure 1.7: On the left the six stable bookshelf c-director configurations in a cell 
without pretilt. There are two uniform and four splayed states, with the splayed 
states not giving extinction at any orientation between crossed polarizers. On the 
right the equivalent situation for a chevron cell. 
figure 1.8 the only two possible states of a chevron director configuration with finite 
surface pretilt are shown (from [56]). 
1.3 FLCOS SLMS 
In the most general terms spatial light modulators (SLMs) are devices that imprint 
information onto an optical wavefront. The imprint can be in form modulation of 
the amplitude, intensity, phase, polarisation or wavelength (or a combination of all of 
them). There are two main types of SLMs: electronically addressed SLMs (EASLMs) 
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Figure 1.8: The two stable director chevron configurations with a finite surface pretilt. 
The structure on the left is usually labelled 'C2' state and the one on the right 'Cl' 
(from [56]). 
and optically addressed SLMs (OASLMs). The remainder of this work will be ex-
clusively devoted to EASLMs based on ferroelectric liquid crystal over silicon spatial 
light modulators, FLCOS-SLMs, which are reflective. 
In FLCOS technology a thin layer of FLC (so that the LC operates in its surface-
stabilized geometry) is sandwiched between a cover glass and a VLSI (very large scale 
integrated) silicon backplane which provides a pixellated array of mirror electrodes 
and the necessary addressing circuitry. This allows to fabricate devices with a very 
high pixel count (the latest device has as many as 1024 by 768 pixels [203]). Other 
advantages of the combination of both technologies include: 
. Provisions for DC balancing  is easily implemented on chip 
• Silicon VLSI is a mature technology 
• FLC have essentially a binary switching behaviour which matches well the digital 
nature of the VLSI 
'To prevent chemical degradation of the device due to ionic migration any positive voltage pulse 
requires a negative voltage pulse to keep the mean voltage across the FLC zero. 
A 
EDS 
CHAPTER 1. INTRODUCTION 	 23 
. FLC switch at VLSI compatible voltages (as low as 3.5 V) 
. VLSI design can be extended to provide 'smart' devices [92] that offer 
- memory at pixel. locations 
- detectors at pixel locations 
- intra-pixel processing (like thresholding, amplification, comparison, logical 
operations) 
- inter-pixel processing (information exchange between pixels on a local or 
global scale) 
• both technologies are fast and have low power requirements 
The operational principle of an FLCOS-SLM and a suitable viewing arrangement for 












PIXEL OFF Electrode 
Figure 1.9: Structure and principle of operation of an FLCOS-SLM (left picture), 
viewing arrangement for FLCOS-SLM in a display application (right). 
Several devices of varying resolution with DRAM (dynamic random access memory), 
SRAM (static random access memory) and smart pixels have been designed and built 
in Edinburgh during the last 11 years [17]. From figure 1.10 it is apparent that SRAM 
pixels take up much more space than DRAM pixels because a much more complex 
circuitry is needed to implement the latching of information. The information stored 
in DRAM pixels has to be updated every so often and there are potential problems 
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caused by light induced charge leakage 9 , but these disadvantages are off-set by a 
simpler pixel design and potentially higher pixel counts. For an extended overview of 
FLCOS-SLM design issues see e. g. [33]. 
H11 
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Figure 1.10: Schematic of simple one-transistor DRAM pixel (left) and complex multi-
transistor SRAM pixel design (right). 
1.4 Outstanding problems 
The problems associated with FLCOS-SLMs are almost exclusively related to the 
FLC performance on top of the VLSI silicon circuitry as yields for the backplane are 
typically above 99%. The main problems are closely related with each other: 
• uniform alignment of FLC across large areas 
• cell gap uniformity to less than 0.1 m (spacer materials, spacer positioning and 
spacer density) 
• chemical stability of material, ionic impurities, polar interactions with bounding 
surfaces 
'This is particular problematic for applications which require a high light intensity to be reflected 
off the backplane, as in projection systems. However, there are ways to minimize the effect by 
employing sophisticated post-processing techniques [137]. 
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. easy destruction of smectic layer structure (mechanical and thermal shock resis-
tance, rigidity of the device) 
From that list one can see that there is really 'only' one problem to solve: the preser-
vation of the smectic layering under given boundary conditions. 
1.5 Thesis outline 
The aim of this study was to gain a better understanding of, the alignment of FLC in 
a real device environment and improve alignment homogeneity to improve the perfor-
mance of the devices. Following a chapter reviewing the current state of knowledge on 
liquid crystal alignment, this study takes first a closer look at the bounding surfaces 
using scanning probe microscopy. The details of the liquid crystal flow during the 
injection into devices is investigated in chapter 4. Macroscopic electro-optic effects of 
transmissive test cells prepared with SiO alignment layers which have been deposited 
under different conditions are studied in chapter 5. A pilot study into the alignment 
of FLCs on conducting Langmuir-Blodgett films is described in chapter 6. Chapter 7 
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Plate 1.1. 	Defects commonly encountered in FLC devices. All pictures 
are of a standard test cell (2 jtm cell gap) with 30 nm SiO, 
evaporated at 70° shown in transmission with crossed polarizers 
under white light illumination filled with CS-1031 and observed 
at room temperature. No voltage is applied to the cells in plates 
1.1.A to E, a dc voltage of + 5 V is applied to the cell pictured 
in plates 1.1.F and 1.1.G. 
Plate 1.1.A 	Zig-zag defects. The image size is 63 ym by 50 ym. 
Plate 1.1.B 	Enlargement of plate 1.1.A. 
Plate 1.1.0 	Zig-zag defects and bear paw defects. Image size is 200 ym by 
120 
Plate 1.1.D 	Close up of plate 1.1.C. 
Plate 1.1.E 	Close up of bear paw defect. 
Plate 1.1.F 	Focal conic defects. Image size 120 iim  by 90 /im. 
Plate 1.1.G 	Same as plate 1.1.F but in the 'off'-state. 
Chapter 2 
Liquid Crystal Surface Effects 
Strange to be ignorant of the way things work; 
Their skill at finding what they need, 
Their sense of shape, and punctual spread of seed, 
And willingness to change; Yes, it is strange 
Philip Larkin 
2.1 Introduction 
Despite years of intensive research on liquid crystal surface interactions mainly driven 
by a demand for high-quality liquid crystal devices, the knowledge about the detailed 
mechanisms of liquid crystal alignment on solid surfaces remains fragmented. This 
is even more the case when it comes to ferroelectric liquid crystals, not only because 
most of the previous studies have been conducted on nematic liquid crystals, but also 
because they are much more complex. Nevertheless, the behaviour of nematics at 
interfaces is far from being understood. 
This chapter will explain some of the basic concepts of liquid crystal surface effects and 
set the basis for the following chapters. It will concentrate on the interactions of LC 
far from phase transitions with solid substrates. Most of the phenomena presented 
will refer to nematic liquid crystals, mainly because there is very limited informa-
tion available on SmC* surface interactions. For a broader review on the topic the 
excellent paper by Jérôme [89] is recommended. A very good compilation of the align- 
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ment of various liquid crystal compounds on different surfaces has been composed by 
Cognard [45]. 
2.2 Basic concepts 
When a liquid crystal is brought into contact with a surface its orientation cannot be 
arbitrary anymore but will be fixed at some orientation. This effect is called anchoring. 
Generally, the interfacial energy will depend on the orientation of the LC's director n 
close to the interface and will have one or more minima. Depending on the number of 
minima the anchoring can be stable (one minimum), degenerate or rnultistable (finite 
number of minima) or continuously degenerate (infinite number of minima). The 
directions along which n will minimize the interfacial energy are called easy axes. 










monolayer LB tn  glass plates--J - 	direction of easy axis 
Figure 2.1: On the left (a): Illustration of the two easy directions for p-azoxyanisole 
on the (001) face of NaCl. On the right (b): Difference between homeotropic (left) 
and homogeneous or planar alignment (right). 
easy directions are parallel to some crystallographic axes, but there is no geometrical 
rule which imposes this (e. g. LC alignment with pretilt). Depending on the surface 
treatment the alignment can be planar' (easy axis parallel to substrate), homeotropic 
(easy axis perpendicular to substrate) or tilted (the easy direction makes an angle Oo 
with the surface). The difference between homeotropic and planar alignment is shown 
'This orientation is sometimes also called homogeneous. 
0 	 y' 
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in figure 2.1b. 
The difference between strong and weak anchoring can be best explained by assuming 
that the only bulk distortion be a pure twist [51]. The surface (xoz-plane) shall have 
only one easy direction along the z-axis. The angle between the director n and the 
easy direction, 3, evolves as a function of y. In the absence of any other distortions 
the bulk elastic energy (from equation 1.2) per unit area in the y0z-plane is given by 
L 
Ftw i st = 	1/2K2 
(a/3)2 dy. 	 (2.1) fo ay  
is a minimum for 901ôy = const. At some large distance from the substrate /3 
shall be fixed at some value /3(L). Close to the surface 0(0) 0, because 0 = 0 is the 
easy direction. The total twist in the bulk is therefore close to /3(L)/L. Close to the 
surface equation 2.1 will not be valid anymore. Rather the curve for 0(y)  looks like 
the one shown in figure 2.2. If 0 is small close to the substrate, the equations that 
Figure 2.2: Variation of twist angle 0 with y in a sample with pure twist deformation. 
Close to the surface, across a region of molecular dimension a, the twist is dependent 
on the details of the liquid crystal surface interactions. b is called 'extrapolation 
length'. 
govern 0(y)  will be linear. If the bulk torsion is changed, only the slope of /3(y)  will 
change accordingly, but not the extrapolation length b as shown in figure 2.2, because 
as a molecular property it is independent of the torsion. b is approximately equal to 
U 
a 	 (2.2) 
UWN 
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where a is an average molecular dimension, U the nematic-nematic interaction and 
UWN the wall-nematic interaction. 




Fbzk 	L ' L 
(2.3) 
The surface energy may therefore be neglected in the continuum limit (L >> a). In 
this case one can set b = 0 and postulate that 9(0) = 0. This case is called strong 
anchoring. On the other hand, if UWN << U, b might be much larger than the 
molecular dimensions. Molecules at the surface are then rotated by approximately 
W(L)IL. If the torsion is strong enough 9(0) can become rather large, or in other 
words, the external distortion disrupts the surface alignment. The nematic is said to 
be weakly anchored to the surface. 
This leads us to the concept of the anchoring energy function W(O S , 	which is zero 
at the equilibrium polar angle 00 and azimuth angle qo  the director n makes with the 
substrate as defined in figure 2.3. The surface polar angle O. should not be confused 
with the bulk pretilt angle 02.  O, and 9 are generally quite different, as O. is the angle 
the molecules assume a couple of molecular lengths adjacent to the surface whereas 0 
is dominated by bulk forces. The details of their relation are still unclear. W(9 3 , &) 
is the energy needed to rotate the director away from its equilibrium position which 
is defined by surface interactions rather than bulk elasticity. If the director is moved 
into a position described by O and q there will be corresponding restoring torques 
r,, and Ta: 
ow 
Tp = 	 (2.4) 
Ta 	
O W 
= 	. 	 (2.5) 
Oct's 
For small deviations from the equilibrium position the torques can be approximated 
by 
= —2W(0 5 -00 ) 	 (2.6) 
Ta = _2Wa (0s _4'o). 	 (2.7) 
2 And should also not be confused with the cone angle 0 of the SmC*  phase. 
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rn 
1'O 
Figure 2.3: Definition of the polar equilibrium angle 0, azimuthal equilibrium angle 
00 and the corresponding angles 0. and & of the distorted configuration. 
W and Wa are the polar and azimuthal anchoring strength (energy) coefficients re-
spectively and defined by 




1192 W  
W. = - 	 (2.9) 
2 0q 2 
Measured values of polar anchoring strengths W, usually vary between 10 and 10 
Jm 2 , the values for Wa are generally two orders of magnitude smaller, which is also 
confirmed by theoretical calculations (see [89] and references therein). It is therefore 
often sufficient to make use of a simple phenomenological formula after Rapini and 
Papoular [159]: 
W(0 3 ) = Wsin 2 (03 -9o ) 	 (2.10) 
There is an ongoing dispute whether equation 2.10 describes the anchoring energy 
function correctly. The main reason for the argument is that experimental results 
are difficult to interpret, because several effects should be taken into account, some 
of which are bulk effects (e. g. order- and fiexoelectricity) strongly linked to the spe-
cific experimental method used. A good example for the prevailing confusion is, that 
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anchoring strengths appear to depend on thickness of the sample under considera-
tion [89]. However, the anchoring energy function is characteristic of a certain inter-
face and should be independent of other parameters. For an overview of experimental 
methods to determine anchoring energies see [60]. 
The alignment of nematic liquid crystals on sinusoidal gratings has first been investi-
gated by Berreman in the early seventies [18]. The geometry of the problem is shown 
in figure 2.4. The grating shall be described by z = A sin qx. The director shall lie 
q 1 
2 Z 
® ® ®®® 
® 
® ® ® 
® ® ® 0 
x 
Figure 2.4: Nematic liquid crystal on sinusoidally deformed surface. If the director is 
perpendicular to the grooves (left) the molecular ordering will be distorted accordingly. 
If the director lies parallel to the grooves (right) there is no distortion energy. 
perpendicular to the grating and the polar anchoring be very strong, i. e. the nematic 
director at the interface follows exactly the surface profile. For simplicity the one-
elastic constant (K1 = K) is used. The minimization of the distortion energy reduces 
then to 
v29= 8
29 82 9 
- 
	
8x2+0z2 = 0. 	 (2.11) 
One solution of this equation is 
9(x, z) = A qcos ( qx ) e _2 , 	 (2.12) 
which also fulfills the boundary condition 9 = 0 for z —* oo. The energy per unit wall 
area is then given by 
W = 	 e -2qz 	= 1/4KA 2 q3 	 (2.13) 
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In the same paper he showed that the anchoring energy function depending on the 
azimuthal angle is of the Rapini-Papoular (see equation 2.10) form: 
W(4) = 1/4KA 2 q3 cos2 . 	 (2.14) 
The extrapolation length b as defined in figure 2.2 can be determined to be of order [51] 
b = 2 
 A2q3 	
(2.15) 
Typical values are 6 . 10 6  m 1 for q (a grating period of 1 nm), and 100 nm for the 
grating amplitude. This yields a extrapolation length of about 0.1 Pm. One should 
note that the original director distortion decays exponentially into the bulk with a 
decay constant of q', which is typically of the order of several hundred nanometers. 
For comparison let us investigate the same geometry with a smectic A liquid crystal. 
The problem is depicted in figure 2.5 [51]. Again the solid surface is described by 
sinusoidal profile z = A cos qx. However, this time with the constraint, that Aq << 1, 
2ir/ q 
Figure 2.5: Small undulations at a SmA interface have far-reaching effects into the 
bulk. 
i. e. small amplitude long wavelength undulations, so that a linear approximation is 
possible. The distortions of the smectic layering above this surface are u(x, y, z) 
uo (z) cosqx with the boundary condition that u o (0) = A. Minimizing the elastic 
energy over the sample volume yields a solution for uo (z) for weak undulations so 
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that non-linear terms need not be included [51]: 
no(z) = Ae' 11 	 (2.16) 
with 1 = 11q2 a. The penetration depth of the distortion is rather large. Typical 
values for q are 6•10 m 1 , and 20 A for a, which yields a penetration depth of 1 1.3 
mm [51]. This shows that it can be very difficult to prepare well aligned samples of 
smectics even on molecularly smooth surfaces if only geometrical factors are taken 
into account. 
We have seen before that the interaction energy between boundary surface and po-
lar nematic orientation can approximated by the Rapini-Papoular equation (equa-
tion 2.10). A similar, very simple, expression for the interfacial energy of smectic 
liquid crystals is given by [51]: 
W, = 1/2 W(k. s) 2 , 	 ( 2.17) 
where k and s are layer and interface normals, respectively. Depending on the sign of 
W the preferred orientation of the layers would be parallel to the interface (W < 0) 
or perpendicular to the interface (W > 0). The orientational state of a SmC*  is 
described by the two fields k and p. The simplest expansion of W is then given by 
W2 
W8 = Wi p s-I- —-(p s) 2  + 3  ---(k s). 	 (2.18) 
The coefficients W2 and W3 are expected to be of the order of 10' to iO J/cm 2 , 
comparable to values found with nematics. Wi is expected to be three orders of mag-
nitude smaller [51]. Optimal orientations of p and k can be found be minimizing 
equation 2.18. There are six different extremal states and some of them are simulta-
neously stable. Unfortunately, the situation is in reality even more complex. To name 
only one difficulty: the analyticity of equation 2.18 is not always guaranteed if k is 
nearly parallel to s [51]. 
Additional to the above described continuum theoretical approaches LC alignment 
can also explained (only to some degree, of course) by an empirical physicochemical 
rule. The so-called Friedel-Creagh-Kmetz rule states [48]: 
< YLc -+ homeotropic alignment 
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i's > 7Lc —* planar alignment, 
where -y and 7LC  are the respective surface energies of substrate and liquid crystal. 
The relations are explained by assuming that in the first case the substrate surface 
energy is relatively low. Then intermolecular forces within the LC are stronger than 
the forces across the LC-substrate interface. To minimize the interaction energies the 
LC molecules will orient perpendicular to the substrate. The argument is similar for 
the second case where the interfacial forces are larger than the intermolecular forces. 
In order to minimize the interaction energies the molecules will now lie flat against 
the bounding surfaces. However, it has subsequently been shown experimentally that 
the above rule is not always valid [192]. Originally it was postulated that the only 
contributions to LC-surface interactions were dispersion forces'. However, almost 
all LCs have polar groups, and therefore dipole-dipole interactions and dipole-induced 
dipolar interactions have to be taken into consideration as well. Indeed, it has recently 
been shown experimentally that the polar component of the surface energies actually 
plays a significant role in determining the LC alignment properties on fluorocarbon 
surfactants [171]. 
2.3 Surface induced liquid crystal alignment 
2.3.1 Methods 
A wide variety of methods is at hand to induce more or less uniform and well controlled 
liquid crystal alignment: 
single crystal surfaces like mica, graphite or sodium chloride [89] 
. rubbed glass [89] 
. etched gratings (see e. g. [19, 64, 180, 185] 
. rubbed polymers coatings (see e. g. [45, 101, 110, 152, 190]) 
3 1n this particular framework. 
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flow (see e. g. [9, 11, 26, 101, 119]) 
. obliquely evaporated dielectrics (see e. g. [5, 10, 14, 88, 95, 204]) 
• photoswitchable alignment [31, 168] 
• Langmuir- Blodgett films (for a short review see [13]) 
. self-assembled monolayers [53, 74] 
• Ar beam sputtering [186] 
o stamped morphology [111] 
Uniform alignment has also been observed on metal surfaces [164], on poly(tetrafluoro-
ethylene) (PTFE) treated surfaces [81] and on obliquely evaporated SiO coated with 
polyimide Langmuir- Blodgett films [198]. Rubbed polymer films are most widely used 
in the industry predominantly because they are relatively easy to process even on large 
substrates. Obliquely evaporated SiO is sometimes used because it is a non-contact 
alignment promoting film (in the sense that the film does not need rubbing which is 
prone to introducing microscopic particles) and pretilt angles can be easily controlled 
by varying the evaporation angle. However, SiO is only practical for small substrates 
for reasons that will become apparent in section 3.4.2, and has other drawbacks which 
will be discussed in section 4.3. Recently, attention has focused on photoswitch able-
alignment films (sometimes also called command-surfaces), because this method opens 
up the possibility to have reversibly in-situ patternable alignment layers. It allows not 
only to choose between planar and homeotropic tilt, but also any pretilt and azimuthal 
angle can be selected [31]. Patterning is trivial, as linearly polarized UV light is used to 
'switch' the command-surface. For certain combinations of LC and command surface 
materials the LC azimuth angle is found to be perpendicular to the polarization state 
of the alignment inducing light [172]. 
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2.3.2 Near surface liquid crystal orientation on 
crystal surfaces 
The experimentally most intensively studied system consists of a monolayer of nCB 
(cyanobiphenyls with n > 5, see figure 1.2 for the chemical structure of a 5CB 
molecule) on highly-oriented pyrolytic graphite (HOPG), mainly because it can be 
investigated relatively easily with scanning tunnelling microscopy. Most of the studies 
find that the molecules (quite independent of the length of the alkyl-chain even though 
the order is better for nCBs with higher n) assume a quasi-smectic two-dimensional 
ordering, i. e. they exhibit long range positional and orientational ordering [89, 116]. 
The alkyl chains are found to be flat on the surface registering very well with the 
underlying crystalline structure of the substrate. Molecules are thought to be immo-
bilized on the surface by physisorption [89]. Two-dimensional smectic ordering of 8CB 
on HOPG has recently been confirmed by computer simulation. Molecules lie parallel 
to each other with interdigitated cyano-head groups. The alkyl chains, however, do 
not. It has also been confirmed that the alkyl chains lie indeed parallel to the plane 
of the substrate, as well as the phenyl ring next to the cyano-group maximizing dis-
persion interactions with the surface. However, the phenyl-ring connecting the first 
one with the alkyl chain is tilted with respect to the first one reflecting a compromise 
between intra-molecular and molecule-substrate forces [44]. 
anisotropic surfaces 
If a surface imposes a certain ordering on a liquid crystal sample one would expect 
that the molecular ordering close to this surfaces is particularly high. Measuring 
the surface order parameter should help to clarify this concept. The result is that 
some substrates induce indeed a higher surface order and some do not: The first 
couple of LC molecular layers on rubbed glass and on unrubbed polyimide show an 
isotropic azimuthal distribution of the director [62]. The isotropy is, however, broken 
on rubbed polyimide and the LC director points preferentially along the rubbing direc-
tion. The stronger the rubbing strength the greater is the anisotropy. On polyimide 
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the anisotropy of the first LC monolayer at the interface is conserved well above the 
clearing point [62]. The alignment mechanism on rubbed polymer layers has recently 
been shown to be mainly caused through epitaxial-like growth of the liquid crystal 
molecules on top of the polymer molecules which have been aligned anisotropically 
by the rubbing action [190]. Grooves induced by the rubbing or molecules transferred 
from the rubbing material are now believed to play only a minor role in aligning liquid 
crystals [102, 152]. Epitaxial growth is also expected to be the main mechanism for 
homogeneous alignment of LC on photoswitchable alignment layers [31]. 
Rather surprisingly, it has been demonstrated experimentally, that obliquely evapo-
rated SiO films belong into the second category, i. e. the LC azimuthal angle close 
to the surface is isotropically distributed [8, 62]. It has subsequently shown that it is 
energetically favourable for a liquid crystal layer close to a rough surface (with undu-
lation wavelengths comparable to molecular dimensions) to melt rather than to try 
to conform to the undulations as in Berreman's model [12]. Instead order-electricity 
is thought to be the main mechanism for tilted alignment [130]. If this is the case, 
however, the mechanism of azimuthal alignment selection remains unclear. 
Langmuir-Blodgett films 
Compared to LC alignment on anisotropic surface the mechanisms that orient LCs 
on Langmuir-Blodgett films seem rather straightforwardly to explain. At low LB-film 
densities steric aspects will dominate the interfacial alignment (basically there are 
holes in the film where the LC slots in vertically). With increasing film density or 
number of deposited layers, dipolar and surface charges have to be taken into account. 
These control the LC orientation through an interplay of dielectric, flexoelectric and 
order-electric torques predicting a wide variety of anchoring states, most of which still 
await experimental confirmation. For a review of LC-LB interactions see [13]. 
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2.3.3 Alignment selection 
Alignment selection is important if the surface conditions allow degenerate anchoring. 
In general, the sample history will determine the resulting alignment state. For exam-
ple, cooling a sample from the isotropic into the nematic state under application of an 
external field will result in an LC alignment parallel to this external field [89]. Anchor-
ing selection is also often achieved by controlling the direction of flow during filling 
of test cells and devices [11, 26, 91, 208]. If the surface favours tilted alignment the 
pretilt angle will also depend on the dynamic contact angle during the flow [90, 1011. 
Once an anchoring selection has been made, it is difficult to change the anchoring 
direction at the substrate again even on degenerate surfaces by heating the samples 
well above the clearing point [26, 62, 208]. This phenomenon will be discussed in 
greater detail in chapter 4 of this thesis. 
2.4 Experimental techniques 
The most commonly used experimental techniques to investigate near surface align-
ment of liquid crystals are 
• evanescent wave spectroscopy [55, 206] 
• optical second-harmonic generation [62] 
• pretransitional optical birefringence measurements [208] 
• and to a limited extend conoscopic microscopy [115] 
The former two techniques probe the first few monolayers of the LC near the aligning 
substrate directly. When the latter two are used, the properties of the LC near the 
interface have to be derived from macroscopically integrated measurements, using 
continuum models. As should have become clear, applying a continuum theoretical 
approach to the first few monolayers of a LC close to an interface is questionable, and 
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therefore results obtained with these techniques should be treated with caution if they 
relate to LC interfacial phenomena. 
2.5 Summary 
We have seen that the interaction of liquid crystals with solid interfaces is very com-
plex even more so if ferroelectric liquid crystals are involved. Unsurprisingly, con-
tinuum models are found not to be valid at a microscopic level and are sometimes 
even macroscopically contradicted by experiment. Equally, dispersion forces alone 
are not sufficient to describe LC interfacial phenomena in a physicochemical descrip-
tion. Dipolar effects have to be taken into account. LC appear to grow epitaxially on 
rubbed or otherwise anisot ropic- rendered polymer films, whereas elastic interactions 
induced by grooves at the interface seem to play a minor role. The LC alignment 
mechanism on SiO films is even less understood, especially as it has been shown that 
the azimuthal angle distribution of the first few liquid crystal monolayers close to the 
surface is isotropic. LC interactions with LB-films are thought to be dominated by 
steric and dipolar forces. 
Chapter 3 
SiO Alignment - Part I 
The Surfaces 
We must not suppose either, that an atom can become visible to 
us; for, first of all, one does not see that this is the case, and 
besides, one cannot even conceive, how an atom is to become 
visible. 	 Epicurus, Letter to Herodotus, 55 
3.1 Introduction 
We have seen in the previous chapter that near surface liquid crystal alignment can be 
induced either by the morphological or the detailed physicochemical-chemical prop-
erties of a solid substrate or a combination of both. For simplicity this chapter con-
centrates on the characteristics of SiO alignment-promoting films that have been 
deposited onto an indium-tin-oxide (ITO) transparent electrode by oblique evapora-
tion. 
It has long been known that LC alignment on obliquely evaporated SiO, films depends 
on the evaporation angle and direction of evaporation. So far most of the theories 
attempting to explain LC alignment on these films have solely been based on mor-
phological arguments (see e. g. [5, 14, 75]) and subsequently a series of morphological 
studies have been carried out. The most extensive transmission electron microscope 
(TEM) study has been carried out by Goodman et. al. [70]. Unfortunately, the nature 
42 
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of the film's substrate in this study was not mentioned and mostly very thick SiO 
layers (> 200 nm) were investigated (whereas LC also align on very thin films, see 
e. g. [204]). A further TEM study analysed SiO films evaporated at different angles 
on a glass substrate is described in [153]. A more recent high-resolution TEM study 
revealed that the SiO films grow in a columnar fashion on single crystal silicon [68]. 
Optical characterization of these films showed that they exhibit birefringence despite 
the expected amorphous structure of the film. The films under investigation were also 
relatively thick (> 120 nm) and deposited on microscope slides [49]. The advent of 
atomic force microscopy (AFM) has prompted a fractal characterization of a thin SiO 
coating, again the film was deposited on a bare glass plate rather than an ITO coated 
slide [10]. The one and only previous study in which thin SiO x  films were deposited 
onto an ITO-coated substrate merely casts light on the influence of the vacuum qual-
ity on SiOx film morphology [95]. The influence of the ITO morphology on SiO x film 
growth has been neglected even though it is well known that the substrate finish has 
considerable effects on thin film growth [117]. 
The microstructure of ITO has attracted a lot of attention in the quest to relate its 
microscopic structure with different deposition conditions and with its macroscopic 
conduction properties. Consequently, numerous SEM [78, 79, 96, 211], TEM [160, 1751 
and STM [77, 160] investigations have been carried out. A multiplicity of distinctly 
different morphologies can be observed to be strongly dependent on the particular 
deposition method (compare e. g. [96] and [175] with [211]). Unfortunately, these 
studies are either not quantitative (the SEM studies) and/or suffer from low quality 
tips (the STM studies). 
This chapter describes a successful substrate cleaning strategy, the morphology of the 
transparent ITO electrode, and the SiO deposition process. An analysis of the SiO 
film stoichiometry is followed by an investigation of SiO on ITO morphology. The 
applicability of existing computer surface growth models is briefly discussed. It will 
be shown that a pure morphological argument is insufficient to explain uniform LC 
alignment on obliquely evaporated SiO in realistic device configurations. Parts of 
this chapter have been previously published [25, 24] by the author. 
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3.2 Substrate cleaning 
A crucial part of the route to a successful assembly of a LC cell is the appropriate clean-
ing of the bounding substrates which will carry the alignment promoting film. The 
most common sources of substrate contamination are packaging material, air-borne 
particulates, residues from previous processing steps like mounting wax, photoresists, 
glass cuttings, organic components from storage containers and handling (i. e. fin-
gerprints). Static charge that builds up especially on glass and wafer carriers is an 
important mechanism of depositing unwanted particles. The LC assembly process is 
suffering from three major types of contaminants: 
Particles can interfere with the required SSFLC cell gap (which is usually of 
the order of a couple of micrometers) or change the surface morphology of the 
alignment film as they become embedded during film deposition causing pin-
holes, microvoids and microcracks. Depending on their chemical composition 
they can cause problems even at later stages through release into the LC ma-
terial (mostly ions). The removal of small particles can be extremely difficult 
because the adhesion forces increase as their size decreases. 
Molecular contaminants can prevent effective rinsing, reduce the adhesion of 
subsequently deposited films and render the substrate chemically inhomoge-
neous [99]. 
Moisture and adsorbed gases can cause problems by outgassing in the thin film 
vacuum deposition unit and also affect the quality of the deposited film [95, 99, 
117]. 
The following cleaning sequence for ITO glass substrates has been developed (based 
on the preliminary work by Gourlay [71]) within the framework of this thesis: 
1. Clean in an ultrasonic bath for ten minutes in NEUTRACON at 600  celsius 
(DECON90 is not recommended as it attacks the ITO coating); the substrate is 
hydrophobic after this step. 
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Rinse thoroughly with distilled water. 
Clean in acetone for three minutes in ultrasonic bath. 
Rinse in acetone. 
Store in propanol. Propanol has been chosen as the wet storage material as it 
evaporates more slowly than acetone. 
Shortly before use dry the surface with filtered oxygen-free nitrogen. 
Cleaning of Si based (i. e. aluminized Si, test structures on Si and fully functional 
chips) starts with step 3. Substrates are then visually inspected and rejected if par-
ticulates can be seen. When it was necessary to deposit an aluminium strip onto the 
glass substrate to enable the attachment of a bonding wire, substrate cleaning was 
repeated from step 3 to remove organic contaminants likely to be deposited during 
the aluminium deposition process. 
Major changes to the cleaning procedure involved introducing distilled water (formerly 
de-ionized water was used) as the base for the soap solution, and omitting the fuming 
nitric acid (HNO 3) cleaning step, the former because it has been shown that de-ionised 
water rinsing is responsible for significant surface charging of the substrate [32], the 
latter mostly for safety reasons and because it did not show any better performance 
than NEUTRACON. Glow-discharge cleaning shortly before commencing thin film 
deposition using an argon plasma has also been discontinued because it showed detri-
mental effects on the substrate cleanliness in the form of particle deposition (probably 
stemming from the argon gas delivery system) and suspected support of polymer film 
formation from pump-oil vapors in the vacuum chamber and hydrocarbons from the 
gas delivery system [117]. It should be noted that surface cleanliness, surface chemistry 
and surface charging effects not only depend on the cleaning agent employed during 
the final cleaning step but also on the particular sequence of cleaning agents [32, 99]. 
CHAPTER 3. SIOx ALIGNMENT - PART I 	 46 
3.3 ITO surface morphology 
3.3.1 Experimental 
Commercially available ITO (Baltracon 247, low ohmic, 1250 A ITO with a 700 
A Si02 buffer layer on soda lime glass, see appendix B.4 for details) coated glass 
has been investigated with an ambient air scanning tunnelling microscope (STM) 
manufactured by Burleigh Instruments, Inc. All STM images were obtained in the 
microscope's constant current mode (see e. g. [200] for a discussion of the different 
imaging modes and a general introduction to scanning probe microscopy) with simple 
cut platinum-iridium (Pt/Jr 80/20) 0.25 mm wire [127] at a bias voltage of 2 mV and 
a tunnelling current of 8 nA. The scan delay (which is the time the probe takes to 
acquire the data at each individual measurement point) was set to 1 ms. The images 
contain 256 x 256 data points with 8 bit vertical resolution. The STM's vertical and 
horizontal calibration has been confirmed with a gold coated silicon nitride on sapphire 
binary phase hologram [184] and a gold coated grating [127] within 4% of the expected 
dimensions, respectively. To minimize the potential of tip or multiple tip imaging' the 
probes were tested by imaging highly oriented pyrolytic graphite (HOPG) and rejected 
if atomic resolution could not be achieved or the characteristic six-fold symmetry of 
HOPG not be observed [129]. An extensive discussion of multiple tip effects on ITO 
imaging can be found in [77]. All ITO samples were cleaned according to the procedure 
described in section 3.2. The influence of surface modifications by ambient air, samples 
were stored in a dust-free environment for one week then re-examined. No noticeable 
change of the surface morphology or surface statistics could be observed. All images 
were corrected for global tilt but not further enhanced. 
3.3.2 Results 
The ITO surfaces under investigation were found to be highly textured and to show the 
characteristic polycrystalline grain-subgrain structure of sputter-deposited films (see 
'Tip imaging occurs if a sharp protusion on the surface basically images the blunt tip. Multiple 
tip imaging occurs when there is a multiplicity of tips on the scanning probe rather than a single tip. 
C 
0 
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for comparison e. g. [96, 175]). Figure 3.1 shows a typical example of the ITO texture 
at scan sizes of 0.76 ,um and 2.0 irn. Grains are typically as large as 200 + 10 nm 
and contain subgrains whose size is of the order of 10 to 50 nm. Subgrains are highly 
ordered to form a grain, but their orientation changes between individual grains. The 
SEM image  shown in figure 3.2 corroborates the morphology found with the STM 
at high magnification. The change of morphology with magnification is shown in 






Figure 3.1: Examples of ITO textures at different magnifications imaged with an 
ambient air STM. The scan size is 0.76 jm in the left image, the grey scale varying 
between zero and 2300 A, and 2 tm in the right image with the grey scale varying 
between zero and 2600 A. 
The surface profiles are further characterized by their roughness (or width) 
(= 	(h - h) 2 , 	 (3.1) 
where the h1's are the individual surface heights and h is the mean height. Also the 
step height distribution (SHD) N(Sh), where N is the number of height differences 
= Ih - h +iI between adjacent pixels, has been computed for each image. The 
'Taken at the Science Faculty Electron Microscopy Facility (SFEMF) 
, 
S 
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SHD has some advantages: it takes local correlations into account (the surface width 
reflects the global picture). It facilitates height estimates of plateaux through peaks in 
the distribution and is expected to decay exponentially [125, 122] with increasing 6 h, 
which is distinctly different from a surface profile whose heights are drawn from an un-
correlated Gaussian distribution [24], which facilitates the assessment of the presence 
of large step heights. An overview over the different shapes of SHD depending on the 
scansize is shown in figures 3.4 and 3.5. It is apparent that SHDs can have different 
decay constants for different ranges of step heights. The physical significance of this 
is not known, but it indicates multi-affinity 3 if we scale a which may be a feature of 
the sputter deposition process [125, 209]. However, this does not imply that the ITO 
3 A function is self-affine if it shows comparable statistics under anisotropic scale transformations. 
I. e. if we rescale the function with a factor b horizontally (x —+ bx), it must be rescaled with a factor 
h —p bh vertically in order that the new object overlaps the previous unscaled object. For multi-affine 
surfaces one roughness exponent a is not enough. There is a hierarchy of 'local' roughness exponents 
a,, i. e. the roughness exponent for multi-affine functions change from site to site [7]. 
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surface is indeed multi-affine, especially as its visual morphological appearance would 
not support this hypothesis. It is much more noteworthy that quite a large number of 
step heights are above 20 urn even at the highest magnification. This is confirmed by 
the fact, that pinholes in the ITO are not uncommon, which is probably due to the 
porous structure of the ITO. 
In an attempt to reduce the effects of the rough ITO surface on the morphology of the 
subsequently deposited SiO film, several ITO coated wafers have been planarized 4 
employing a slight variant of a chemical-mechanical polishing method developed for 
spatial light modulators which has been described in detail by A. O'Hara et.al . [139]. 
Figure 3.6 shows a comparison of the surface roughness, figure 3.7 a comparison of 
the median step height of unpolished with those of polished ITO. For small scan sizes 
(< 0.8 jim, only the 'inside' of grains is imaged) the surface roughness has indeed 
been reduced, but at the same time the median step height has only been significantly 
reduced for large scan sizes (i. e. > 1.6 jim, subgrains are no longer resolved). This 
is readily explained by the following: the polishing procedure only smoothens the top 
layer of the ITO and such the subgrain structure, retaining the overall grain structure 
at the same time (but not the subgrain structure). The reduction in the median step 
height for large scan sizes would indicate that the polishing procedure might improve 
the overall flatness if applied for long enough. Unfortunately, the ITO coating is 
porous and as material is polished away, and the surface apparently flattened, new 
pores open up and the effort takes the form of Sisyphean labour. A more extended 
investigation is currently under way [173] and it remains to be seen whether polished 
ITO actually helps to improve LC alignment. 
4 The planarization has been carried out by A. O'Hara 
4 
ij 





Figure 3.3: STM images of Baltracon 247 low ohmic ITO. Scansizes from top left to 
bottom right: 0.1 jum, 0.2 jim, 0.3 jim, 0.4 jim, 0.6 jim, 0.76 jim, 0.8 jim, 1.6 jim, 2.5 
jim, 3.0 jim and 3.8 pm. 
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Figure 3.4: Step height distributions corresponding to the images of figure 3.3. Scan-
sizes are from top left to bottom right 0.1 <urn, 0.2 jim, 0.3 jim, 0.4 jim, 0.6 jim and 
0.76 pm ... to be continued 
.1 1 .Mfl,lMfl1!.]0S 





200 	 400 	 600 	 900 	 000 	 1200 	 400 	 16 
Qiep h..chl Mo.t,e.n. 
§ 	
0 
020 0 0 
900 	 AX 	 l 	 200 
'•O l.$gfll 
8 
Figure 3.5: ... continuation of figure 3.4: scansizes from top left to bottom right are 
0.8 1urn, 1.6 rim, 2.5 /rn. 3.0 pm and 3.8 inn. 
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Figure 3.6: Log-linear plot of the surface roughness of polished and unpolished ITO 
versus scansize 
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Figure 3.7: Log-linear plot of the median step heigh of polished and unpolished ITO 
versus scansize 
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3.4 SiO surface characterization 
3.4.1 Deposition 
The next step in manufacturing a LC device or test cell is the application of an LC 
alignment promoting film to the ITO coated glass substrate. In our case this film is a 
thin (usually less than 40 nm) layer of obliquely evaporated SiO. 
The evaporation is carried out with a fully automated evaporation system 5 at pressures 
below 5. 10 5 mbar. Some SiO granules' are placed in a molybdenum heater and 
brought to a temperature above 1125°C. The thickness of the evaporant and the rate 
of evaporation are monitored with a crystal oscillator. All films are deposited at a 
rate of 1 As— '. The following sequence proved to yield best deposition results with 
respect to liquid crystal alignment, visual appearance of the film and fluctuations in 
deposition rate (less than 5% of the target rate). 
increase power through molybdenum boat to 20% over 90 seconds 
wait for 90 seconds for stabilization 
increase power to 29% over 180 seconds 
wait for 90 seconds 
open shutter 
wait for 5 seconds 
zero deposition counter 
deposit desired amount of material 
close shutter 
decrease power to zero over 30 seconds 
5 AUT0306 by Edwards Vacuum Systems Ltd. 
6 supplied by Baizers, see appendix B.3 for properties 
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New SiO grains caused large fluctuations in the deposition rate. Consequently, new 












Figure 3.8: Evaporator set-up and deposition geometry. 
The deposition geometry is depicted in figure 3.8. The substrate is neither cooled 
nor heated, and the radiative heating during the evaporation process is found to be 
negligible (see figure 3.9). 
3.4.2 Deposition uniformity 
As the substrate is of finite size not only the effective angle of evaporation (as opposed 
to the evaporation angle o  which is the angle between the evaporation direction and 
the substrate normal) changes with distance x from the substrate centre (here x is 
positive in the direction away from the evaporation source). The emission angle 0 is 
the angle between the centre evaporation direction and the evaporation direction to a 
point x on the substrate. The thickness d of material deposited at any point x on the 
substrate is given by [117] 
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Figure 3.9: Change of substrate temperature (solid line, left scale) with time during a 
40 nm evaporation process (deposition angle 600  degrees). The film thickness is indi-
cated by the dotted line (right scale). The substrate reaches a maximum temperature 
of 45° degrees. 
d = ----cosq5(x)cos((x)), 	 (3.2) 
where r is the distance between the evaporation source and the point x on the sub-
strate, p the density of the evaporated material and Me the total evaporated mass. 
Simple trigonometric relations lead over 
e(x) = arctan ( 
x + hsin o \ 
h cos eo ) 	
( 3.3) I  
- h cos 0 
(3.4) r(x) 
- Cos e(x) 
= e 	- o 	 (3.5) 
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finally to 
d 	
cosq(x) Cos 3 e(x) (3.6) 
h2  cos2 eo 
For clarification, the relation between the variables is shown in figure 3.8. Figures 3.10, 
3.11 and 3.12 illustrate these relations graphically for the geometry found in our evap-
oration system (i. e. h = 180 mm). Table 3.1 summarizes the effects for substrate 
sizes typically encountered'. This shows that across a commonly encountered sub-
strate size of 102  mm 2 the effective evaporation angle can vary as much as 40% 
(for o = 5°) and the relative thickness d/do nearly 20% (for o = 85°). The larger 
the substrate the more difficult it becomes to ensure uniform coating thickness and 
in particular a uniform evaporation angle. However, as the substrate in use here is 
in fact the 'sum' of smaller substrates, which are finally used for LC cell fabrication, 
variations in both film thickness and effective evaporation angle are kept at tolerable 
levels locally, but there will be considerable variations from slide to slide if they are 
from different locations on the main substrate holder. 
3.4.3 SiO film composition: SIMS analysis 
Deposition temperature, rate of evaporation and the residual gas pressure in the vac-
uum chamber have pronounced effects on the composition and structure of the de-
posited SiO, film [80]. When SiO is deposited under the above described conditions 
(i. e. slowly deposited at 1 A5' under high vacuum, i. e. P < 6• 10 	mbar), an 
oxygen deficient Si0 2 film with negligible optical absorption is expected to form. In 
contrast, higher deposition rates at similar residual gas pressures should produce a 
true SiO film. However, if the temperature of the evaporation boat rises above 1250° 
C, dissociation is observed and can then lead to oxygen deficient Si0 2 films [117]. 
In order to determine the x of the SiO films and the presence of hydrocarbons (es- 
7 Severalsmall substrates are arranged in columns so that they effectively form one large substrate 
with 'dead' space between them, e. g. 16 10mm square glass slides will form a 40 x 40 mm  'grand' 
substrate. 
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effective evaporation angle and thickness uniformity 
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Figure 3.10: Theoretical evaporation uniformity for an evaporation angle o = 5°. The 
solid line depicts the effective evaporation angle and the dotted line the effective 
thickness d/do (do is the thickness at x = 0). 
pecially after the deposition of a thin aluminium electrode [which is carried out in a 
lower grade evaporation system) at the edge of the substrate which is needed to enable 
bonding of the front electrode when the substrate is used as cover glass for a SLM 
device) in the evaporated film, several secondary ion mass spectroscopy (SIMS) stud-
ies of SiO coated and uncoated glass slides have been carried out' with a CAMECA 
IMS-4F system. An circular area of 60 pm in diameter was exposed to a primary 2 
nA Cs+ ion beam. Samples were stored at 10 mbar for at least 10 hours prior to 
analysis. 
Figure 3.13 shows a typical depth profile of an uncoated glass slide. The different layers 
of the bare substrate can easily be identified: The region with high 16O and very low 
8 The SIMS was operated by Dr. John Craven, Department of Geology and Geophysics, University 
of Edinburgh 
3.0 
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Figure 3.11: The same as figure 3.10 but for an evaporation angle o  of 600  degrees 
(computed results). 
28 Si, ' 2C and 'H counts is the ITO layer. This region is followed by a sharp increase 
of the 28Si and a decrease in the 160  count with a very distinctive peak in the 12 C 
and counts where the Si0 2 buffer layer between ITO coating and glass substrate is 
supposed to be. The two 'H peaks just before the interface of the ITO and the Si0 2 
buffer layer, are very peculiar. These have been found in all samples. The investigation 
also reveals that the in-house SiO deposited films have a very high content of 12 C 
and 'H. Both species are particularly concentrated at the interface between the SiO 
film and the ITO coating. Analysis of virgin SiO grains shows that the ' 2 C and 'H 
species are indeed added at a later stage either through insufficient cleaning or during 
the Si0 deposition process. Subsequent changes in the cleaning procedure showed no 
effect on the relative ' 2 C and 'H content of the film. The presence of the aluminium 
electrode does not seem to have any noticeable effect either. It seems therefore to be 
reasonable to assume that these species do get incorporated into the Si0 film during 
the deposition process. Unfortunately it was not possible to reduce the amount of HC 
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Figure 3.12: The same as figure 3.10 but for an evaporation angle o  of 85° degrees 
(computed results). 
contamination as to assess its influence on the SiO film's properties, especially with 
respect to LC alignment. 
The stoichiometry of the films can in a first approximation be determined as follows: 
Measurements of a Si0 2 standard were taken and the proportionality constant k is 
determined using 
k 
= I counts( 1 6o- ) 	
(3.7) 
x counts( Si ) 
where x = 2 for a pure Si0 2 sample, to be 13.25 + 0.41. The stoichiometry x of 
three 60 nm thick SiOx films deposited at 600 has been determined to be 1.12 + 0.11, 
1.07 + 0.06, and 1.12 ± 0.09. Even though these results should be treated with 
some caution (the ion efficiencies of the different species depend on the matrix they 
are embedded in), one can assume within reason that the deposited films are silicon 
monoxide films. The excess 160  is suspected to stem from other oxidized species and 
in this case M003  [80]. 
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x=-40mm x=—lOmm x=lOmm x=40mm 
50 7.20 1.9 0 8.00 16.80  
dIdo 0.97 1.01 0.98 0.87 
60 0 52.5 0 58.40 61.5 0 65.1 0  
dIdo 1.8 1.2 0.9 0.6 
850 e 83.6 0 84.70 85.3 0 85.1 0  
dIdo 2.0 1.2 0.9 0.6 
Table 3.1: Summary of finite substrate size effects at different evaporation angles 
for a set evaporation distance h = 180mm. 
3.4.4 SiO film morphology 
Even thin films of SiO deposited onto a conducting surface are insulators and can 
therefore not be imaged directly using STM. Attempts to image SiO layers with SEM 
failed as the substrates charge up. It has been suggested to coat the samples with 
a thin layer of conducting material like gold or chromium as is usually done in the 
biological sciences to examine insulating surfaces. Even though some authors claim 
that the surface morphology of these coatings mimic those of the underlying film even 
at nm level (see e. g. [87]), other authors (including myself) find that the coating 
can form islands and assume morphologies that are completely independent of the 
underlying surface especially when investigating sub-micron features [63]. 
Figures 3.15 9 and 3.16' 0 show typical morphologies obtained by AFM in tapping 
mode [200] of a 60 nm thick SiO film evaporated at eo = 60° onto ITO coated and 
'Courtesy of Digital Instruments 









CHAPTER 3. SIOx ALIGNMENT - PART I 
	
63 
plain ITO without aluminium contact 
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Figure 3.13: SIMS depth profile of ITO coated glass substrate without aluminium 
contact. Dashed line is 160,  dot-dashed line 28 Si, solid line 1 H, and the dotted line is 
l2 
polished uncoated glass, respectively. The morphologies of both samples are distinctly 
different. In figure 3.15 the underlying morphology of the ITO is still prominent 
whereas in figure 3.16 no particular structure apart from randomly placed overlapping 
scales can be seen, which are shown in greater detail in figure 3.17. The lateral 
dimensions of the scales match on average the size of the ITO subgrains (i. e. 20 - 
50 nm). A Fourier analysis of the images reveals that there are periodic structures 
present in the image depicted in figure 3.15 with periodicities between 0.5 Am and 2 
tm. Curiously, these 'grating' structures are not present in images of thin (- 30 nm) 
SiO films on polished glass. Very regular 'grooves' on a large scale have previously 
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SiOx on ITO with aluminium contact 
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Figure 3.14: SIMS depth profile of SiO coated ITO glass slide. Dashed line is 160, 
dot-dashed line 28Si, dotted line 12 C and the solid line 1 H. 
shown to exist in 'thick' (> 400 nm) SiO films on polished glass with a pitch of 
approximately 0.5 ,am [25]. The periodic structures in figure 3.15 are attributed to 
features of the substrate rather than the SiO film, especially as the grain sub-grain 
structure of the ITO is still visually impressively prominent. Nevertheless, there is 
a subtle change of the surface statistics: plots of the SHD now exhibit only one 
exponential decay constant, implying that the surface is self-affine (rather than multi-
affine as the ITO appears to be) in agreement with the findings of Barberi et. al. [10]. 
Field-emission SEM (FESEM) has confirmed that SiO films of that thickness (i. e. 30 
nm) are the 'icing on the cake' and have not had the chance to develop a morphology 
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Figure 3.15: AFM (Nanoscope 5000) image of SiO film evaporated at 60° (thickness 
60 nm). The underlying ITO morphology is clearly visible. The roughness of the film 
in this region is 2.4 nm. 
SiO films on ITO appear to produce regular structures only if the magnification is 
chosen to be high enough, because then the coated subgrains are imaged which have 
been shown earlier to be oriented. However, the orientation of the subgrains changes, 
and with them the SiO coating which follows the contours of the underlying ITO, 
as different grains are imaged. FESEM and AFM images of adjacent regions with 
and without SiO coating confirm that apart from a contrast change in the FESEM 
images (which is attributed to charging effects of the SiO coated region) there is no 
noticeable change of surface morphology across the transitional region. Further AFM 
studies of SiO films on ITO showed that the roughness of the resulting surface increases 
with SiO thickness and columnar growth independent of the underlying ITO surface 
morphology is observed for SiO film thicknesses above 80 nm [25]. Very similar 
dynamic behaviour has been observed for near normal incidence vapour deposited 
gold films [76]. 
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Figure 3.16: AFM (Nanoscope 5000) image of a 30 nm SiO film evaporated at 600 
onto polished glass. The roughness of the film in this region is 10.4 nm 
3.5 Discussion 
Experimental 
It has long been known that thin films deposited under conditions where the impinging 
atoms or molecules can move only over a very limited range on the substrate, i. e. low 
substrate temperatures like in the case tinder investigation, form a porous deposit 
that is uniform on all but very small length scales at evaporation angles near normal 
incidence. Near grazing incidence, the structure changes to a columnar structure with 
clearly separated columns with an inclination angle 0 different from the evaporation 
angle . All surfaces have a large apparent surface area as shown by gas adsorption 
studies [117]. The porous structure gives rise to adsorption of moisture, changing 
the refractive index of the thin film [178], and causes form birefringence [49]. These 
effects are observed in a wide range of films and are common to a wide variety of 

























Figure 3.17: AFM (Nanoscope 5000) image of a 30 nm SiO film evaporated at 600 
onto polished glass. Overlapping scales are clearly visible. The roughness of the film 
in this region is 0.82 nm. 
materials. This indicates that the resulting film structures are of physical rather 
than chemical origin. The morphology of the thin film is additionally influenced by 
the structure of the substrate, as illustrated in figure 3.18. Despite variations in the 
detailed surface structure, columnar growth of SiO films has been observed under 
many different conditions [10, 68, 70, 95, 153]. All these studies agree in that the 
columns are on average 10 to 50 nm in diameter separated by voids of 2 to 15 nm 
in size (also in very good agreement with this study) and that the columns tend to 
coalesce preferably in a direction perpendicular to the plane of incident evaporation 
flux. They furthermore agree (save [70]) that the column tilt angle 3 with respect to 
the substrate normal obeys the empirical tangent rule 
tan 	= 	tan 	 (3.8) 
where is the evaporation angle [68, 95, 178]. But the situation is further complicated 
as it has been shown previously that the column tilt angle can additionally depend 
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Figure 3.18: The figure on the left pictures how surface warp, waviness and roughness 
contribute to the resulting surface structure. The figure on the right illustrates how 
oblique evaporation of a thin film onto a rough surface is reminiscent of snow fall onto 
a mountain range under 'windy' conditions. 
on the residual pressure in the vacuum system and on the melting temperature of 
the deposited material [134]. This is reflected in a formula for the column tilt angle 
proposed by Lichter and Chen which is based on a continuum model [113]: 
4hF 
tan3 = tan e/( 1 + ktan sin ), 	 (3.9) 3 	 27 
where h is an initial surface perturbation, K a diffusion coefficient, and F the incident 
flux. Further variations of the basic equation 3.8 can be found in [188]. Goodman 
and co-workers determine the critical thickness above which columnar growth sets in 
to be r'.d  10 nm [70]. 
Continuum models 
The growth mechanism of the obliquely evaporated SiO films can be understood by 
the so-called 'self-shadowing' theory first proposed in the early fifties [106] which also 
forms the basis for many computer simulations with slight variations on one theme. 
The essence of this theory is that the random nuclei on the substrate prevent atoms 
or molecules from reaching the substrate in the geometric shadow of the nucleus. As 
the evaporation continues, voids are left in the film and the formation of columns sets 
in. The columns turn out to be reasonably smooth and defect-free [25, 76] growing 
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in height and width during deposition, implying that surface diffusion smoothes the 
surface at short lengthscales and cannot be neglected in computer simulation. Void 
formation (rather than desorption) is believed to be the reason that the Kardar-Parisi-
Zhang equation [97] describes the surface at large length scales [7]: 
= 7V2 h + (Vh)2  + 	 (3.10) at 	2 
where h is again the surface height at a point x and time t, y is the surface tension 
and A the expansion coefficient of the non-linear term. The first term in equation 3.10 
reflects the relaxation of the surface due to the surface tension . 
Continuum models like the one defined by equation 3.10 describing deposition pro-
cesses usually do not contain an angular dependent shadowing term explicitly. A 
model proposed by Karunasiri et. al. that incorporates surface diffusion and shadow-
ing [98] is given by: 
Oh 
Tt = — RV 4h + FC + ij(x,t), 	 (3.11) 
where K, h, and ij are a diffusion coefficient, the surface height and a noise term, 
respectively. F is the flux onto the surface and C is the evaporation angle. In this 
particular model C = C(x, {h}), i. e. the evaporation angle, or better exposure angle 
in that case, depends on the entire surface, which reflects the non-locality of the 
shadowing. Curiously, integration of this model shows that for any finite diffusion 
constant, K, the non-local term, F, will always win in the long term [7]. The 
morphology of a surface grown obeying equation 3.11 will be dominated by wide 
columns with deep grooves between adjacent columns [7]. Unfortunately no three-
dimensional computer simulations based on this model have been carried out yet. 
An improvement over the above-described model which neglects overhangs or holes 
in the bulk of the growing material is obtained by the ballistic deposition model" at 
oblique incidence. As the evaporation direction breaks the symmetry of the surface 
two correlation lengths 12 ( and (, are required which grow with time according to 
e..., 
	 (3.12) 
"For a summary of the rules that govern ballistic deposition see e. g. [7] 
12 The correlation length is a lateral distance over which correlations of the surface height persist. 
	




 toly 	 (3.13) 
where x is in the direction of the intersection of the plane of incidence with the 
substrate and y perpendicular to said plane. The growth exponents are found to be 
= 1/3 and u = 2/3 [123], which shows that an anisotropic surface forms. Results 
from more extended computer simulations [124] indicate that with a larger 'evapora-
tion' angle, e, the columnar morphology becomes more distinct and the density of 
the deposit shrinks. At these large angles a morphology of 'overlapping' scales devel-
ops that are inclined at angles that deviate strongly from the empirical tangent rule 
(equation 3.8), as has been noted in previous computer simulations [121]. 
The morphology of obliquely evaporated thin films is governed by a non-local effect, 
shadowing. The growth rate at each point on the surface is determined by remote sites 
that capture incoming particles. This, in turn, leads to instabilities and continuum 
equations like equation 3.10 are no longer applicable. 
Summary 
Both experiments and computer simulations have confirmed that obliquely evaporated 
films (here: SiO), show a multiplicity of morphologies depending on the angle between 
the incoming flux and the surface normal. Experiments show that the morphologies 
encountered are predominantly overlapping scales or columnar structures if the SiO 
is deposited onto a flat substrate. Computer simulations are surprisingly successful 
in reproducing some experimental findings, even though different models need to be 
employed to predict morphologies at different deposition angles. Additionally, the 
computer models provide scaling exponents which indicate how surface correlations 
evolve with time. However, it remains unclear how the dimensions, say one 'lattice 
unit', used in the simulations correspond to 'real' world units. Far more serious, how-
ever, is the fact that in both experimental investigations and computer simulations 13 
the films have been grown on polished or flat substrates. In real device structures 
the alignment promoting SiO film is deposited onto a fairly rough (compared to the 
13 Very little is known about the effects of initial roughness on surface growth. Recently some aspects 
of this problem have been addressed by Tsai et. al. [191]. 
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SiO film thickness) ITO coating, which changes, not surprisingly, the expected colum-
nar or overlapping scales morphology of the thin film beyond recognition as has been 
shown in this study. Additionally, the SiO films show no morphological anisotropy as 
revealed by Fourier analysis. Liquid crystals have been shown even to align on very 
thin (< 8 nm) SiO films [204], a thickness at which above mentioned morphologies 
have reportedly not even developed on flat substrates [70]. It appears therefore to be 
very doubtful that liquid crystal alignment is brought about by a morphological effect 
of the alignment-promoting SiO film (see in this context the experimental findings 
described in section 2.3.2) at all. 
3.6 Conclusion 
In this chapter I have discussed an appropriate cleaning strategy for various substrates 
to produce reproducible surface chemistries and minimize the influence of contami- 
nants in form of dust and organic materials mainly resulting from handling procedures. 
Scanning tunnelling microscope studies have revealed that the transparent conductive 
ITO layer has a grain-subgrain morphology, typical for sputter-deposited materials. 
The roughness of the layers can be up to 20 nm rms. First attempts at smoothing 
the surface show that the roughness can be reduced locally. Further efforts should be 
undertaken to smooth the ITO transparent electrode before SiO deposition to reduce 
the risk of SiO film punctures and to ensure a more uniform SiO coating. 
It has been shown that the evaporation uniformity both with respect to the evapo-
ration angle and the thickness of the deposited material varies by up to 10 % in 
the current set-up. Even though the thickness of the SiO alignment-promoting layer 
does not need to be tightly controlled to ensure good alignment (as will be shown 
in section 5.3.2), the alignment quality depends critically on the evaporation angle. 
The geometrical arrangement of source and substrate in the vacuum chamber should 
therefore be reviewed. 
Secondary ion mass spectroscopy has revealed that the deposited SiO film is almost 
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certainly a monoxide film rather than an oxygen deficient Si0 2 film. It has also shown 
that a disproportionate amount of carbon ( 12C) and ( 1 H) is incorporated into the film 
during the evaporation process. Revised wet cleaning procedures of the substrate prior 
to coating do not influence the degree of contamination. Both SiO film quality and 
its ability to promote uniform liquid crystal alignment is expected to improve with a 
derogation of the hydrocarbon content of the film. However, the actual influence of 
hydrocarbons in the SiO film on LC alignment has still to be substantiated. 
Combined AFM and FESEM studies of obliquely evaporated thin SiO films onto ITO 
have revealed that the morphology of the deposited films is dominated by the un-
derlying ITO film. Thin film morphologies that are expected to develop under the 
given conditions (columnar structures and overlapping scales) are only experimentally 
found when comparatively thick (> 100 nm) layers of SiO are deposited onto pol-
ished (i. e. microscopically flat) substrates. Computer models can produce a series of 
morphologies observed in experiments when films are deposited onto flat substrates, 
but are not yet sophisticated enough to predict evaporation parameters which would 
produce the desired morphology in a real evaporation system. 
The fact that SmC* LCs have been found to align well on very thin (< 8 nm) SiO 
films which have not yet developed any 'periodic' morphological features (at least 
not on a micrometer scale) or even on substrates without these alignment promoting 
films if the correct injection conditions are chosen (see section 4.2.2), shows that 
morphological effects may play no role altogether (see comments in section 2.3.2). 
Further morphological studies at higher magnifications are required to cast more light 
onto the complex situation. 
Chapter 4 
FLC alignment by flow and 
adsorption 
Every valley shall be raised up, every mountain and hill made 
low; the rough ground shall become level, the rugged places a 
plain. 	 Isaiah 404 
4.1 Introduction 
The selection of a certain anchoring direction on an otherwise degenerate substrate 
can be achieved by liquid crystal flow as has already been mentioned in section 2.3.3. 
This chapter will take a closer look at the associated problems. 
Once the bounding plates have been suitably prepared and assembled, LC needs to 
be injected into the gap between these two surfaces. Considering that it has long 
been known that the alignment of LCs depends critically on their thermal and fluidic 
history, it is hardly surprising that, if the LC flow is poorly controlled during injec-
tion, alignment quality and thus device quality can suffer badly. The most striking 
manifestation of flow-induced defects are so-called 'streak defects' [199], which run 
perpendicular to the LC flow front. If the LC molecules become strongly adsorbed 
onto the bounding surfaces during the injection process - which is the case with Si0 1 
'But not with rubbed polyimide alignment promoting films. 
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alignment-promoting films - making it virtually impossible to remove flow induced 
alignment defects, a suitable filling strategy is mandatory. With the recent progress 
of technology promising to make even large scale FLC-based devices possible, the in-
terest in LC wetting phenomena has strongly grown. Most of the experimental studies 
to date concentrate on nematic liquid crystals [9, 11, 36, 91, 90, 101, 119, 208], but 
some work has been carried out by leading display manufacturers (e. g. Canon) to 
devise successful filling processes for the injection of ferroelectric liquid crystal mate-
rial into large flat panel displays [128, 187, 199]. Even though the latter publications 
do not discuss the physics involved they implicitly support the experimental findings 
presented in this chapter. 
Closely related to the irreversibilty of flow-induced defects is the surface memory effect 
(SME) in its original form first described in 1922 [65]. The effect received renewed 
attention twice in 1972 [18] and 1985 [39], which will be discussed in this context. 
In order to study the competition between flow and surface-induced alignment, simple 
silicon test chips have been designed and fabricated. Using these chips it has been 
possible to inject the LC both parallel and perpendicular to the direction of the SiO 
evaporation simultaneously. Similar experiments have been carried out using a cover 
glass carrying etched gratings of various orientations, amplitudes and periodicities. Fi-
nally, it is shown how a new semiconductor process and improvements in cell assembly 
can help to improve FLC alignment across large areas, by making it less sensitive to 
flow induced defects. 
Parts of this chapter have been published previously [26, 137] and the above mentioned 
semiconductor process has been filed for patenting [138]. 
CHAPTER 4. FLC ALIGNMENT BY FLOW AND ADSORPTION 	 75 
4.2 Experimental 
4.2.1 Liquid crystal cell filling 
Nematics have a very low viscosity at room temperature. Cells fill easily through 
capillary action and no particularly complicated technique needs to be applied 2.  Fer-
roelectrics, however, are in their SmC* phase at room temperature and so viscous 
that capillary forces are not sufficiently strong to pull the material into the cell gap. 
Additionally, FLCs as supplied by the manufacturer are more like a very dense foam 
rather than a highly viscous liquid. If the excess air is not removed from the material 
prior to injection, devices and test cells alike will suffer from air bubbles in the cell 
gap. Accordingly, the procedure for FLC injection is as follows [71]: 
apply a small amount of FLC to the cell gap 
place device/ test cell fiat onto a hotplate in a vacuum system 
allow LC outgassing at 10-6  mbar for at least 14 hours at room temperature 
heat hotplate to a temperature well above the clearing point 
admit air and let hotplate cool down slowly (typical cooling rates are 200  celsius 
per hour 
remove now filled device/ test cell from vacuum system 
Both devices and FLCs are stored in a vacuum oven at 40° celsius and 10_1  mbar 
prior to injection. Originally, the perception was that the FLC changes into its nematic 
and isotropic phase when heated in high vacuum and the admission of air believed 
to 'push' the FLC into the cell gap [71]. Closer inspection, however showed, that the 
FLC phase transitions only occurred after air had been admitted, even though the 
temperature of the hotplate the structures were resting on was well above the clearing 
2 01 course things become more complicated if very large cells need to be filled, or the cell is sealed 
on all four sides save for a filling hole. In the latter case vacuum filling is a necessity to avoid air 
being trapped by the LC in the cell gap. 
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point of the respective FLC, indicating insufficient heat transfer from the hotplate 3 . 
However, modifying the filling technique in such a way that both liquid crystal and both 
bounding surfaces are at the same temperature (above the FLC clearing point) prior 
to filling as described in [155] made no major difference to the defect patterns found in 
devices. Indeed, as long as the FLC had been outgassed sufficiently long (more than 
12 hours at 10_6  mbar), cells can be filled with FLC in ambient atmosphere which 
makes video microscopy of the filling process possible without complications. In this 
case the temperature of the cell and the LC was controlled using a peltier effect heat 
pump in such a way that the cell could be filled with the LC being in its SmA, nematic 
or isotropic phase. The speed of the LC flow in its nematic phase can be controlled 
(within certain limits) by exploiting the fact that the material's viscosity decreases 
with increasing temperature. 
4.2.2 Alignment without alignment layers 
Contrary to expectation, FLC alignment with appreciably uniformity can be achieved 
even with isotropic surfaces such as ITO or bare glass. Similar results have been 
observed by various other researchers who enhanced the effect by coating the substrate 
with a thin film of silicon oxide at normal incidence [208] or sputter cleaning [36]. Both 
these methods should render the bounding surfaces isotropic. Experimentally is found 
that the LC flow direction during filling corresponds on average with the alignment 
direction of the LC in the cell after filling. The global alignment cannot be changed by 
a repeated heat annealing treatment. The reason for this is explained in section 4.5.3. 
Despite the presence of a multi-domain alignment structure, contrast ratios of up to 
100:1 across a circular area of 6mm diameter could be achieved. This is quite adequate 
for simple switching applications, but certainly not good enough for more demanding 
device applications that need uniform LC alignment to appear pleasing to the eye (like 
displays) or require a high degree of phase flatness (in coherent processing systems). 
i have measured temperature differences between hotplate and liquid crystal cell of up to 600 
celsius. 
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4.2.3 Silicon test chips 
Two different aluminium over silicon test structures have been designed and fabricated. 
The first design features a square array of twenty-five 200 jim square pixels on a 250 
pm pitch. Voltage can be applied to each individual pixel using 10 jim wide electrodes 
which end in bonding pads at the edge of each die. The second design also features 
twenty-five pixels on a 250 jim pitch, but having various shapes. Additionally, the 
electrodes have been attached at different positions on each pixel. The overall size of 
the die is in both cases 6.5 mm. The size of the cover glass has been chosen to be 5 mm 
by 5 mm. Figure 4.1 shows the schematics of the test structures. For the fabrication  
Figure 4.1: Layout of 5 2  test structures. Die size is 6.5 mm, the width of electrodes is 
10 jim, the pixel pitch is 250 pm and the maximum pixel size is 200 jim by 200 jim. 
1 jim of aluminium was sputtered onto a wafer, then patterned, subsequently wet 
etched and finally cut into individual die. The resulting aluminium pixels were of 
optical quality as confirmed with a profiler. The fabrication process ensures that 
the gap between the aluminium pixels (and electrodes) and the cover glass is one 
micrometer smaller than the gap between the silicon die and the cover glass. The 
difference is quite significant considering that the gap between cover glass and silicon 
die is set to 3.1 jim with silica spacer rods immersed into UV curing glue. The capillary 
4 Carried out by STRG-staff (formerly Edinburgh Microfabrication Facility). 
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pressure in the gap between aluminium and front cover glass is thus 1.5 times bigger 
than between the silicon die and the cover glass. This is enough to ensure that the 
LC is virtually guided by and pinned to the aluminium electrode/ pixel structure. LC 
can thus be injected in a controlled and convenient way parallel and perpendicular 
to the SiO alignment layers in the same cell simultaneously. The phenomenon of 
LC moving preferentially along the aluminium electrodes is not an effect caused by 
different wetting coefficients of the aluminium and the silicon as will be shown later 
in sections 4.4.2 and 4.5. 
SiO alignment layers (100 nm thickness, evaporation angle 60°, deposition rate 0.1 
nm/s) were only deposited onto the ITO-coated cover glass. The cleaning procedure 
adopted prior to assembly of cover glass and silicon chip is outlined in section 3.2. 
The LC is therefore exposed to surfaces as it would encounter in real fully functional 
devices, i. e. aluminium on silicon on one side and a SiO/ ITO coated cover glass on 
the opposite side. The experiments were initially carried out using the ferroelectric 
mixture SCE13 (formerly produced by Merck-BDH, UK, for data see appendix B.1). 
Control experiments using the material CS-1031 (produced by Chisso, Japan) con-
firmed the previously obtained results. 
For the experiments a computer controlled heat cycling device has been designed and 
assembled allowing temperature annealing experiments to be carried out automati-
cally. Chosen heating and cooling rates can be set to investigate their influence on the 
alignment quality. A Peltier-effect heat pump provided the heating element. Temper-
ature control and feed-back is achieved via a thermocouple, thermocouple-amplifier, 
an 8-bit analog-to-digital converter (ADC) and a calibrated look-up table to convert 
the raw data coming from the ADC into actual temperatures. 
In the following section results are characterized by the filling speed, or in other word 
by the temperature of the LC during the filling process. In that context 
• 'slow' means that the LC is well into its nematic phase 
. 'medium' means the LC is close to its N-I transition 
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. 'fast' means the LC is its isotropic phase 
during the flow. 
Results 
The image sequences in figures 4.2 and 4.3 show the filling of a test structure with 
SCE13 in its nematic phase. The individual images have been taken from a video 
sequence at time intervals of 0.5 s. The direction of evaporation of the SiO alignment 
layers is from bottom to top of the picture. Therefore, in figure 4.2 the LC in the left 
column of pixels flows along the 'grooves' of the SiO film, whereas the flow is perpen-
dicular to them in the right pixel column. In figure 4.3 the situation is reversed. It is 
rather striking that during the filling the nematic alignment seems to be independent 
of the direction of anisotropy in the SiO film, but is instead strongly influenced by 
the shape of the flow front. The shape of the individual pixel, and the exact posi-
tion of the LC 'inlet' 5 determine the boundary conditions (through pinning) on the 
flow and thus the ultimate shape which the flow front assumes. Even the alignment 
in the SmC* phase can be completely predetermined by the nematic flow as seen in 
figure 4.4 (see also plate 4.1), where the same pixel is shown in its 'on'-state and once 
in its 'off'-state. The molecules are clearly radially aligned on the square pixel. The 
origin of the radii is where the electrode touches the actual pixel or in other words 
where the LC has been injected into the pixel. As the application of an external field 
only rotates the radial pattern by approximately 45 degrees no appreciable contrast 
ratio can be achieved for the pixel overall. It is interesting to observe that in the last 
picture of figure 4.2 the alignment quality of the LC in its SmC*  phase is much better 
where the flow direction coincided with the preferred alignment direction prescribed 
by the SiO coated cover glass. A clearly visible defect runs down the middle of the 
pixels in the right column separating two regions of different alignment, indicating 
that the LC was unable to select a uniform alignment direction over the whole pixels. 
Figure 4.3 illustrates that also the nernatic flow can be adversely affected if the LC 
5 j• e. the point where the electrode connects to the pixel. 
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is forced to proceed perpendicular to the SiO evaporation direction as seen in the 
left pixel column. Radial defect patterns as shown in figure 4.4 can he reduced by 
M IA, 
JLJ 	
•-• r LIZI . 
Figure 4.2: Video sequence of nematic filling and final alignment state of SCE13 in 
its SmC* phase. The SiO evaporation direction is from bottom to top. Pixel size is 
200 pm by 200 urn, the width of the electrode 10 um. 
filling the test structure very rapidly by taking the liquid crystal close to (being in the 
nematic phase) or into its isotropic phase. However, even though the characteristic 
radial patterns on individual pixels do not occur to any great extent under this filling 
condition, different alignment patterns emerge and not only the pixels are covered by 
LC but also the remainder of the silicon die as the pinning of the LC at the edges of the 
pixels is decreased, due to the LC's surface tension being reduced' [1]. The alignment 
across the active area, i. e. across the pixels, is inferior to the alignment across the 
6 The surface tension of most liquids decreases with increasing temperature in near linear fashion, 
and a usual mathematical form to describe the temperature dependence of the viscosity 7 is y(T) = 
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Figure 4.3: Nematic filling - various pixel shapes. The SiO evaporation direction is 
from bottom to top. 
areas where the LC is allowed to flow without any impediments imposed by pixels or 
electrodes through pinning effects. But even in these smoother areas the anisotropy 
of the SiO alignment layer does not 'overwrite' the LC alignment as induced by the 
flow. Rather, there is a subtle competition between these two alignment mechanisms 
which can work hand in hand if both support the same LC alignment orientation. 
From this experiment we can conjecture the following: 
the alignment of LC in their SmC*  phase depends critically on the details of the 
flow during the injection of LC into the device, 
under certain conditions (as long as the ratio between the capillary pressures 
above the aluminium and silicon is large enough or the surface tension of the 
LC is high enough) the LC can be successfully guided by the exploitation of 
capillary forces and the resulting pinning effects which are detrimental for de-
vice applications but which provides an promising experimental tool to study 
geometric effects on LC flow, 
if the LC surface tension is low enough, which can be achieved by heating the 
LC, pinning effects play a less important role, 
yo (i - where y is the viscosity far from the critical temperature T. For many organic liquids 
rz equals 11/9. 
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Figure 4.4: SmC*  LC alignment on a square pixel in its 'on- and oIf'-state respec-
tively. The pixel size is 200 pm by 200 pm. The LC has been injected along a 10 Jim 
wide electrode, seen attached to the pixel from the left. SiO evaporation direction 
from bottom to top. 
4. the SiO alignment layers seem only to play a minor role in aligning the LC but 
there is a competition between surface and flow alignment forces which leads to 
inferior alignment if the normal of the flow front is not perpendicular to the SiO 
evaporation direction. 
The results are summarized in table 4.1. 
4.2.4 Etched Si0 2 gratings 
To further study the influence of the flow and the competition between different ap-
proaches of alignment, gratings[36, 64, 185] with a square profile have been etched into 
soda lime glass. Sixteen different gratings arranged in an array of four by four samples 
each of two millimetres by two millimetres in size have been put onto ten millimetre 
glass pieces  allowing sixteen experiments to be carried out in parallel. Gratings with 
two different groove depths' have been produced: 20 nm and 200 nm, as characterized 
7 Design of the mask for lithography by the author, fabrication (i. e. lithography, dry plasma etching 
and glass cutting by STRG-staff. 
8 A11 16 gratings on a particular glass substrate have the same amplitude. 
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Flow direction relative 
to evaporation direction Flow speed 
Alignment quality 
on active area 	on bare silicon 
parallel slow poor poor 
parallel medium poor fair 
parallel fast poor mediocre 
perpendicular slow fair mediocre 
perpendicular medium fair good 
perpendicular fast fair to good good 
Table 4.1: FLC alignment quality depending on flow direction and filling speed. For 
a definition of the filling speeds see the end of the first paragraph of section 4.2.3. 
with a stylus profiler. The ratio of widths of troughs and crests (in the following called 
linewidth ratio, different linewidth ratios are shown in figure 4.5) varies from 1:1 /tm 
to 1:4 pm depending on the specific grating. One of the sixteen grating areas contains 
a regular array of mutually perpendicular gratings with a linewidth ratio of 1:1 pm. 
These 'sub'-gratings are 100 pm by 100 pm and 100 pm by 40 pin in size respectively, 
see plate 4.2 for an illustration. The ITO cover glass, providing the second bounding 
plate, has been coated with SiO alignment layers of various thicknesses at an evap-
oration angle of 70 0 • The cell gap has been set to 2 pm. Filling was carried out 
both in ambient air using the peltier effect heat pump to facilitate video polarizing 
microscopy and using the technique described in section 4.2.1 in order to provide a 
control sample. CS-1031 was used exclusively in all experiments. 
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Figure 4.5: Explanation of the concept 'linewidth ratio'. 
Results 
FLC alignment in cells made with groove depth of 20 urn was found to be completely 
dependent on the flow and SiO alignment and likewise independent of grating orien-
tation and pitch. This is to some degree surprising as other researchers found good 
alignment on gratings with comparable amplitudes [36, 185], but on the other hand 
it confirms that the larger the groove depth the smaller the influence of the LC flow. 
Plates 4.2 and 4.3 illustrate the results obtained with 200 nm deep 'multiple-gratings-
on-a-cover-glass' LC cells and the findings can be summarized as follows: 
• LC flow parallel to the grooves during introduction: LC alignment is par 
allel to the grooves as expected [18, 64, 185], 
• LC flow perpendicular to the grooves during introduction: the angle be-
tween LC long axis and groove direction is now 45° ± 5° as illustrated in 
plates 4.2.A to 4.2.D for gratings with 1 urn : 1 urn linewidth ratio. 
there is a threshold for the groove depth to show any effect on LC alignment, 
the grating is very effective in achieving good alignment across small areas 
(across several hundred square micrometers) as illustrated in plates 4.2.A to 
4.2.D. 
both the extinction angle and the LC pretilt depend on the linewidth ratio as 
shown in plates 4.2.0 to 4.3.A. in qualitative but not quantitative accordance 
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with the findings of Cheng et. al. [36]. 
over large areas (outwith the checker board pattern) both flow alignment and 
SiO increase the defect density, if the alignment direction as selected by the 
flow or preferred by the SiO surface is different to the direction of the grating 
anisotropy (see also plates 4.2.E, 4.2.F and 4.3.A) 
alignment 'overspills' at grating boundaries as seen in plate 4.3.13 occur if the 
filling occurs close to the nematic-isotropic phase transition. The transition 
region between the two different alignment directions can be up 500 im but is 
typically around 100 jim. 
It is very interesting that the angle between the LC director and the grating is non-
zero if the LC is introduced perpendicular to the grating. It shows that the Berreman 
model (as described in section 2.4) is not sufficient to describe the observed effects. 
Rather one is confronted yet again with a competition between flow alignment and 
surface induced alignment. It is tempting to assume that the angle of 45° between 
the groove direction and LC director is a manifestation of just this competition. This, 
however, does not explain why both the LC pretilt and the extinction angle should 
depend on the linewidth ratio as well. Certainly, more experimental work needs to 
be carried out to investigate these flow related phenomena on relatively well defined 
surfaces. 
4.2.5 Filling of spatial light modulator devices 
It appears that a tight control of the LC flow during the injection into its confinement 
is not just necessary but also essential to achieve uniform alignment. However, the flow 
is difficult to control, especially across relatively large areas which are encountered in 
the context of SLMs, the latest generation boasting active areas of up to 9 mm by 12 
mm [203], where additional issues (warpage of backplane, access to cell gap impeded by 
bonding wires) complicate the situation and add to the complexity of the underlying 
processes. 
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Experiments in this section were carried out using various fully functional silicon back-
planes and the FLC material CS-1031. The various filling techniques (i. e. using the 
technique described in [71], of filling in ambient atmosphere, or filling under vacuum 
with heating of both FLC and device to temperatures above the FLC's clearing point 
prior to injection [155]) produced very similar end results, making it possible to carry 
out video polarizing microscopy and obtain meaningful results under ambient atmo-
sphere. The experiments were undertaken with fully mounted devices. Under these 
conditions bonding wires partially obstruct access to the cell gap. Therefore, the LC 
had to be applied to the cell gap in form of a small drop rather than as an extended 
line. The flow therefore seeds from a point rather than a line source. 
Results 
The pictures on plate 4.4 show typical examples of flow defects encountered in devices 
(here: the 5122 device [157]). The so-called streak defects [199] catch the eye immedi-
ately. These defects are very similar to streaklines formed by deliberately releasing dye 
into a fluid stream to visualize complicated flow patterns. Curiously, streak defects 
are indeed found to be macroscopically perpendicular to the flow front of the FLC. 
Streak defects can occur in a very subtle way as e. g. shown on plates 4.4.A and 4.4.13. 
but can also be very pronounced as can be seen on plates 4.4.0 to 4.4.E. Generally 
streak defects of the second more pronounced kind formed when filling occurred in 
the isotropic phase. The origin and the dynamics of formation of these defects could 
not be established. It is, however, apparent that these streak defects cause severe 
deterioration in the quality of devices and are not acceptable. 
A further interesting result is shown on plate 4.4.13, where there is a striking difference 
in alignment quality across the device (a planarized 5122  [157]). In the left third the 
filling occurred in the FLC's SmA phase (region I), in the middle the FLC flowed in 
its nematic phase (region II) and the right third is not yet filled. The FIX alignment 
in region I is almost completely random, whereas in region II the alignment is more 
uniform but streak defects have formed. Defects also form where flow fronts collide. 
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Flow fronts deviate from their ideal shape (a straight line) due to the following effects 
which will be discussed in more detail in sections 4.4.3 and 4.5: 
• non-uniformity of cell gap which causes the flow front to proceed at different 
speeds in the device 
• flow around the edges of the cavity is encouraged through preferential wetting 
of the side walls 
capillary pinning at pixel edges 
• chemical and morphological inhomogeneities of the bounding surfaces which 
change the interaction between LC and surface 
both abrupt directional changes of the flow front and changes in speed cause 
defects. 
In summary it is found that (apart from other problems mainly associated with 'me-
chanical' problems such as non-uniform cell gap, which lead to colour variation across 
the devices) flow defects present a substantial problem to successful device manufac-
ture, even more so because the flow can be very difficult to control. This is aggravated 
by the limited space that is available for LC injection (bonding wires). 
4.3 Irreversibility of flow defects 
The results obtained in the previous section would not be important if the defects 
that are introduced during the filling could be removed. Standard procedures involve 
thermal annealing of the liquid crystal [45, 84] and the application of a high voltage (< 
100 \T)  low frequency (— 1 kHz) a. c. waveforms to the cell [57, 86, 147]. The latter 
method only removes zig-zag, stripe and needle defects[15] but this does not affect 
the 'global' LC alignment. In addition, relatively high voltages need to be applied to 
the LC cell to achieve any appreciable effect. It is therefore only of limited use when 
applied to devices containing CMOS silicon backplane as the potential for damage is 
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high. Unfortunately, the former method will be shown to have severe limitations on 
both effectiveness and practicality when applied to devices and cells where at least 
one of the boundary plates is coated with obliquely evaporated SiO. 
Subjecting the test cells and SLMs to thermal annealing using the computer controlled 
hot-stage described in section 4.2.3 has no apparent influence of the LC alignment. 
Each annealing experiment comprised up to 10 cycles 9 . In each cycle the LC was 
taken up well into its isotropic phase (up to 120°C) and left there for up to 20 minutes 
before the sample was cooled down to room temperature again at a rate of 1°C per 
minute. 
Under certain conditions, however, the situation is quite different. Changes in global 
alignment can be achieved if macroscopic movements of the LC in its nematic phase 
occur. These movements can be induced by trapping air bubbles in the centre of 
the cell which tend to move towards the edges of the cell (the mechanism why they 
move towards the edge is unknown) thereby inducing a macroscopic flow (airbubbles 
that work most effectively have a diameter of at least 200 .im). Obviously, this 
method of changing global alignment is awkward and uncontrollable. Even though the 
defect patterns change, they only do so in the near vicinity of the moving air bubble. 
The alignment uniformity is therefore generally not reduced and again determined 
predominantly by flow. There is no mechanism to control the movement of the bubbles 
and the method is certainly not suitable for improving LC alignment in complex 
devices. Nevertheless, global alignment changes can be induced by thermal annealing 
of the LC if PVA alignment layers are used' ° . This is impressively shown on plate 
4.5 which shows both the effects of moving air bubbles and thermal annealing. After 
only five heat cycles (as described in the previous paragraph) the quite unique flow 
induced defects (which are prominent in both the nernatic and the smectic phases) 
have almost faded away and the LC aligns in line with the anisotropy of the rubbed 
polymer surface as expected. 
9 The main limitation on this type of experiment was the time available, considering that one full 
cycle lasted 200 minutes. 
' ° The test cells used in this experiment were supplied by the British Telecommunications Labora- 
tories. Ipswich. 
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4.4 Post-processing technologies and device assembly 
Two different yet similar important post-processing technologies have been developed 
in the Applied Optics Group to improve the performance of FLCOS-SLMs signifi-
cantly: Planarization and damascene processing. However, all the progress achieved 
by mastering the post-processing can be nullified by inappropriate cell assembly and 
filling strategies. 
4.4.1 Planarization 
A detailed description of this process can be found in [139]. Here, I will restrict myself 
to summarizing the benefits and the implications for LC alignment. The planarization 
process has mainly be developed to increase the pixel fill factor, improve the quality 
of the metal mirrors and reduce light induced charge leakage in DRAM devices [139]. 
The improvements in mirror quality brought about by this process can be seen in 
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Figure 4.6: Example of the effectiveness of the planarization procedure applied to a 
silicon backplane of a a 2562  pixel SRAM SLM . On the left before planarization. The 
pixel fill factor is around 27% and the surface is very bumpy because of the extensive 
circuitry surrounding each pixel. On the right the planarized device with pixel fill 
factor increased to 85% and support circuitry hidden beneath a blanket of polished 
SiO and aluminium. The pixel pitch is 40 zm. 
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nificantly compared to the unpianarized devices mostly because the surface of the 
silicon backplane is now much more uniform. However, problems remain in the form 
of capillary pinning that occurs at the pixel edges. This phenomenon influences the 
shape of the LC flow front during injection in a peculiar but understandable way that 
is illustrated on plate 4.6. The LC fills one pixel of the next column of pixels and then 
fills preferentially the adjacent pixels of this column before proceeding to the next 
column. This is a classic example of the effects of surface roughness on the spreading 
of a liquid and the shape of the contact line (that is the line where liquid, solid and 
void meet, also called triple line) and is illustrated in figure 4.7. A detailed theoretical 
treatment of the 'stick-and-slip' phenomenon can be found in [46]. 
C T C T 
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Figure 4.7: The schematic on the left shows the propagation of a contact line across 
a system of grooves. The contact line normal is perpendicular to the grooves. Rather 
than jumping from one crest to the next one, it is energetically much more favourable 
once a seeding point is established on a crest that the liquid glides along the groove to 
fill it up before the contact line then establishes the next seeding point on the following 
crest. If the contact line normal, however, makes an angle Vy with the grooves as in the 
right schematic, no pinning occurs. 'C' stands for crest and 'T' for trough. Schematics 
after [50], details on the theory of contact line movement on rough surfaces see [46]. 
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4.4.2 Damascene processing 
Capillary pinning can be avoided by eliminating the trenches between the individual 
pixel. A flat silicon backplane can be produced using damascene processing which is a 
metal polishing technique that has been developed to produce multi-level interconnect 
in advanced microelectronic devices [94]. 
lull Pixel cross-section 
Etch planarised dielectric layer 
Metal / Oxide 
lull
Standard processing 






Chemical mechanical polishing Damascene processing 
to remove excess metal 
Figure 4.8: On the left is the schematic diagram of the damascene process on the 
right the different pixel structures using the standard planarisation technique and 
damascene processing (from [137]). 
A more detailed description of the process which is illustrated in figure 4.8 can be 
found elsewhere [137, 138]. Both the 52  direct drive test structures and the 176 2 
FLCOS-SLM DRAM backplane [194] have been subjected to damascene processing 11 
The effect on FLC alignment can he seen on plate 4.7 (52  test structure) and on 
plate 4.8 (1762 device). Even though the test cells are not totally defect free (cells 
have been prepared as described above), the characteristic flow defects are completely 
"The semiconductor processing steps were carried out by A. O'Hara. 
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missing. A uniform flow front can now be maintained. However, this process has its 
own problems that need to be addressed: mainly dishing and erosion. 
The effect of dishing (the tendency to remove metal in preference to the surrounding 
and underlying dielectric) can clearly be seen on plate 4.7.E. It manifests itself as a 
change in colour across the central area of the pixel' 2 . Dishing occurs because the 
polisher is set up to remove the softer metal and combined with the flexible nature 
of the polishing pad, the conductor in the middle of a pixel is preferentially removed. 
The effect is more pronounced for larger conductor areas, and should therefore not be 
as pronounced for high-count small area pixel devices, which has been confirmed for 
the 1762  SLM with its 30 iim square pixels (as opposed to the huge 200 im pixels of 
the 52  device), as seen on plate 4.8. 
Erosion is the tendency to remove dielectric material during the course of polishing, 
even though the polishing rig is optimised for the removal of excess metal. The effect is 
more pronounced in regions with densely packed narrow regions of dielectric. As high 
resolution SLMs have small pixels separated by dielectric, erosion should be more 
prominent than dishing. Fortunately, rather than introducing thickness variations 
across individual die (there might be but they are not big enough to change the 
device's optical properties), erosion is only noticeable on a wafer scale. 
4.4.3 Device assembly 
Damascene processing provides a macroscopically smooth surface transforming capil-
lary pinning at pixels into history. What else could go wrong now? Generally both 
silicon backplane and cover glass are not flat but have a finite curvature. For silicon 
backplanes the bow can be as large as 2. A from edge to centre of the die whereas the 
cover glass is generally fiat to A/2 at 633 nm [16]. Achieving cell gap uniformity is 
therefore difficult but not impossible. Why should cell gap uniformity be important? 
Firstly the optical properties of the device as discussed in section 5.3.2 are affected. 
12 The optical properties of the devices depend on the thickness of the birefringent LC material. 
Under white light illumination the coloration of the cell in the 'on'-state, i. e. LC director at 45° to 
the polarizer axes, will therefore change. 
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Secondly the LC flow is also influenced by a non-uniformity of the cell gap because 
the speed at which the contact line proceeds depends on the separation d of the two 
'parallel' horizontal 13  plates it moves in between as 
LP.d2 	dy cos ad 
= 12-7•1 = 	3•i.l 	
(4.1) 
where v is the speed of the contact line, LP the pressure difference that drives the 
meniscus, which is just the capillary pressure 4/d, 1 is the distance the liquid has 
already traversed between the plates, i is the dynamic viscosity of the liquid, -y  its 
surface tension and ad the dynamic contact angle [59]. This equation is only valid if 
the conditions of flow postulated in Poiseuille's law are fulfilled, namely low Reynolds 
number 14 , i. e. the liquid's inertia is negligible compared to its viscosity, and and 
incompressibility. Both assumptions can be assumed to be fulfilled for the flows under 
investigation. The speed of the contact line is directly proportional to the cell thickness 
d which will generally vary across the cell. Even if the flow front of the LC is a straight 
line initially, variations in cell gap uniformity will rapidly change this. Uniform cell 
gaps can be obtained by a special assembly technique which involves the spreading of 
spacer material (the same that is dispersed in the glue) across the device and pressure 
packing [16]. Now the spacers will cause pinning of the flow front and changes in 
its direction. This case is discussed for isotropic liquids in [118]. To some extent the 
situation is now actually worse, because the spacers are deposited at random positions 
and also seed LC defects, usually needle defects pointing in the general flow direction. 
Work is therefore ongoing to deposit spacers at predetermined places and with a 
precisely controlled density [137]. Researchers in Japan choose an interesting approach 
to minimize the effect on defect formation by using hydrophobic spacers which promote 
homogeneous rather than homeotropic LC alignment in their vicinity [177]. Another 
important point is that according to equation 4.1 the filling speed also depends on 
the penetration depth 1, i. e. the further the liquid has entered the cell gap the slower 
the movement. Making the said equation independent of the penetration depth I one 
"Gravity has no effect in this case. 
"The Reynolds number is the ratio of the liquid's inertia to its viscosity 
CHAPTER 4. FLC ALIGNMENT BY FLOW AND ADSORPTION 	 94 
arrives at  
V 	= lVId.7cosad —'12 	 (4.2) 
which makes it difficult to have the flow front move at constant speed which has 
been found to be necessary for good alignment also by Mitsui et. al. [128] and Suzuki 
et. al. [187]. As the values of both 'ij and -y  are temperature dependent the flow speed 
can be controlled within certain limits, which is complicated by the fact that both -y 
and ij are decreasing functions of temperature. Furthermore, the apparent viscosity 77 
of the liquid crystal is a function of the flow speed [51]; it drops with increasing LC 
filling speed. Also the dynamic contact angle ad depends on the wetting velocity as 
ad = k• (n) 	k . Cal/rn, 	 (4.3) 
where k is a constant, Ca the capillary number 15  and m is found to be around 3 for 
silica oils and low capillary numbers [50]. 
Maintaining an even flow front means implicitly that one actually has to start with an 
even flow front. Again this is difficult to achieve especially with a completely mounted 
and bonded device as bonding wires will impede the access to the cell gap. At the 
moment only droplets of LC can be applied to the cell gap which results in the flow 
pattern seen on plate 4.6. A solution would be to have sacrificial electrodes where 
the LC is to applied to the cell gap which distribute the LC prior to cell gap entry 
across the whole opening. Here one would initially exploit the pinning forces to obtain 
a uniform flow front. Other schemes involve injecting the LC through a hole at one 
corner of the device, the idea being that the LC first creeps along one of the cell gap 
edges in such a way creating a uniform flow front perpendicular to the edge. The 
problems associated with this approach are obvious given the earlier discussion. 
4.5 Discussion 
The filling of LC cells is a wetting process like many others with the added complex- 
ity of anisotropic molecules. Wetting processes are important for many every day 
' 5 The capillary number is the ratio of a liquid's viscosity to its surface tension. 
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applications ranging from writing with ink to the permeation of porous rock by oil. 
Even though much effort has been devoted to the study of these processes they re-
main poorly understood. The situation is even worse for complex fluids, because the 
window over which rigorous hydrodynamics is valid is pathetically small. 
In the context of LC devices the two major questions are: How does LC wet a surface 
and select its anchoring direction? Why is this process seemingly irreversible on 
specific surfaces? 
4.5.1 Wetting phenomena 
In order to tackle these questions one has to consider some basic concepts to get an 
initial understanding of the processes involved. When a small droplet of liquid is placed 
onto a solid surface it has two options: It will either partially wet the surface as in 
figure 4.9 with a finite contact angle a t - where the index t stands for thermodynamic 
or equilibrium - or it will wet the surface completely with an equilibrium contact angle 
at = 00. The line on the surface which marks the edge of the drop on the surface is 
called the contact line or sometimes (in the older literature) the triple line. In the 
partial wetting situation the drop will retain a spherical shape which is characterized 
by the equilibrium contact angle c. For the system to be in equilibrium the horizontal 
components of the surface tensions must balance. This fact is described by Young's 
equation derived early last century [210], namely 
yLv COS ct = YSVYSL. 	 (4.4) 
The relation is visualized in figure 4.9. One deficiency springs to the eye instanta-
neously. In static equilibrium all forces need to be balanced. A force —7LV  sin at into 
the solid is needed to balance the vertical component of the surface tension of the 
liquid. Indeed it has been observed that on soft surfaces a circular ridge is raised at 
the boundary of the drop [1]. On harder solids there is no visible effect, but the stress 
is nevertheless there. The forces can indeed be very high if the contact line where the 
forces act is of molecular dimension. 
On real surfaces the situation is slightly more complicated as the thermodynamic or 




isv 	a\ YLS 
Figure 4.9: A droplet of a partially wetting liquid resting on a solid surface illustrating 
Young's law and the definition of the equilibrium contact angle. 
equilibrium contact angle at can be quite different from the macroscopically observed 
contact angle a .. which is illustrated in figure 4.10. This is the more important if 
the dynamic aspects of wetting are to be investigated. In this case one is confronted 
at 
Figure 4.10: The cartoon on the left illustrates the difference between the macroscopic 
contact angle am and the thermodynamic contact angle at on a rough surface. On the 
right the effect of vapour trapped in pores is pictured. Trapped vapour often reduces 
pinning effects on rough surfaces [50]. 
with yet another contact angle, the dynamic contact angle a, which determines the 
spreading speed (see equation 4.2). This dynamic contact angle will vary depending 
on whether the contact line advances or recedes. This phenomenon is called contact 
line hysteresis. The origin for hysteresis is believed to be caused by rough surfaces [46] 
- strongly related with the pinning phenomenon described in section 4.4.3 -, chemical 
inhomogeneities of the surface to be wetted or solutes in the liquid which deposit onto 
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the surface and then stick irreversibly [50]. 
Macroscopic observation suggest the existence of a simple wedge with an apparent 
contact angle &app. However, closer examination shows that there is (in almost all 
cases) a precursor film advancing in front of the wedge if the liquid is wetting the 
surface (one can also have forced spreading of non-wetting liquids!). This film is 
generally about 100 A thick and extends over finite distance ahead defining the real 
contact line (see figure 4.11). The viscous dissipation in this precursor film is extremely 
d-100A 
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Figure 4.11: On the left: Precursor film phenomenon and definition of nominal and 
real contact lines for a wetting liquid. On the right: Moving edge of a non-wetting 
liquid. The difference between apparent aapp and actual contact angle c acj is apparent. 
A non-wetting liquid may therefore appear to be wetting even though it actually is 
not. 
strong which is caused by a rolling motion of the liquid near the real contact line. The 
behaviour is similar to the movement of a caterpillar's belt as first demonstrated by 
Dussan [196] and illustrated in figure 4.12. In this experiment dye particles were 
placed on the surface of a spreading droplet which attached firmly to the surface at 
their first encounter with it confirming the 'no-slip' condition' 6 . However, this 'no-
slip' condition has serious consequences for the theoretical modelling of processes near 
the contact line. Because the velocity field is discontinuous (but realistic), stresses 
and viscous dissipation are found to increase without bound at the contact line [83] as 
they are proportional to hr where r is the distance from the contact line. The total 
16 Liquids are usually assumed to be stationary at surfaces. The best known example using 
this assumption is the parabolic velocity profile of Poiseuille flow which has also been confirmed 
experimentally. 




Figure 4.12: Dussan and Davis showed the rolling motion of the liquid near the contact 
line by placing dye particles on the surface of the film. The motion is very similar to 
that of a caterpillar's belt [196]. 
force on the solid is logarithmically infinite [83] 
dr I Xmas I 




where k is a factor with the dimension of velocity meters  17  and ij the viscosity of the 
liquid. The upper cutoff is expected to be related to the dimension of the system, say 
the size of the droplet or the plate separation for flow between plates. Choosing the 
lower limit is more challenging and the authors who derived the above formula coined 
the phrase: Not even Herakies could sink a solid. Clearly this model, even though 
mathematically correct, is physically wrong. Two processes have been suggested to 
relax the 'no-slip' condition at the contact line [82]: 
the microscopic contact angle at the contact line is 180° 
the contact line movement is not a mechanical process (as seen through the 
hydrodynamic continuum equations) but a diffusive process 
"To first order k is proportional to the propagation speed of the contact line times the lateral width 
of it. 
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From a practical point of view the relaxation of the 'no-slip' condition has been 
favoured [82]. The 'simple' wedge model is replaced by two stage model incorpo-
rating a 'foot' section where slippage dominates and a 'wedge' section where standard 
hydrodynamics applies. Slippage is thought to be caused by molecular interactions at 
the surface: molecules have to re-orient at the liquid/solid interface and this process 
takes some time. Different slip boundary models abound in the literature. One of the 
more plausible and intuitive ones assumes that over a length 1 = ur (u is the slip 
velocity of the liquid at the surface near the contact line and r a typical molecular 
reorientation time) from the contact line, the molecules will re-orient and bond to 
the surface, accompanied by a slippage of the liquid on the solid. The problem is 
now reduced to find solutions for the three regions with continuous boundary condi-
tions. The slip velocity u is characterized by an extrapolation length b (if we assume 
a parabolic velocity profile within a capillary of diameter 2a the velocity would vary 
as u = uo ((a + b)2 - r2 ) rather than u = uo(a2 - r2 ) if the 'no-slip' condition were 
assumed valid) which turns out to be comparable to the molecular size a in most 
cases and it can be shown that the lower cut-off Xmjn in equation 4.5 is controlled by 
van-der-Waals interactions and given by [50]: 
Xmin = b/o. 
	 (4.6) 
Interestingly the flow field calculated based on the above slip boundary model does 
not show the characteristics of the empirical model (the rolling motion) that inspired 
it [195]. To my knowledge no clarifying model has been developed over the last few 
years. For the latest review on the topic see [112]. 
In conclusion, the importance of contaminations on both the surface and the liquid 
cannot be overemphasized especially that the moving contact line has a velocity that 
is sensitive to perturbations on the solid that lie even ahead of the contact line [51]. 
The value of the difference Sv - YSL, the adhesion tension, and therefore the contact 
angle depends critically on the surface conditions. Differences of the surface tensions 
between surfaces under high vacuum yso  and at ambient atmosphere 7sv can be 
as high as 300 mJm 2 [50]. High-energy surfaces like oxides therefore tend to ad-
sorb moisture to reduce their surface tension. It should also be noted that chemical 
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contamination of the surface, i. e. local changes of the adhesion tension, and surface 
roughness are equivalent in a first order approximation. 
To summarize: Strong forces act on the solid surface near the contact line. However, 
it has not been shown yet that these forces actually deform solid substrates. The 
dynamics of a moving contact line are complicated and not understood both at a 
macroscopic and a microscopic level. Experiments are difficult to conduct as key 
parameters cannot be chosen but are given by the system under investigation and are 
sensitive to the history of the surfaces involved. High energy surfaces are wetted easily 
because of their quest to reduce their surface energy. 
From these considerations we arrive at the following conclusion: the irreversibility 
of LC alignment on SiO surfaces can be either caused by mechanical damage of the 
alignment layer by the moving contact line or by strong adsorption of the LC molecules 
on the high energy oxide surface. More work needs to be done to clarify this point. 
4.5.2 Liquid crystal flow 
In this section the fundamentals of nematic and smectic liquid crystal flow will be 
presented. A huge variety of phenomena can be observed if subjecting LCs to flow. 
This is not only due to the highly anisotropic shape of the molecules but also because 
these liquids are ordered over a multiplicity of length scales, from molecular scales up 
to sample size. Each length scale behaves differently under flow. As a consequence 
the flow properties will depend on a wide range of factors: molecular relaxation time, 
type of molecule, the proximity of phase transitions, the flow velocity and especially 
surface boundary conditions, which make the phenomena so difficult to study. 
Nematic liquid crystals 
At first the emphasis will be on NLCs as most of the filling experiments have been 
carried out in the nematic phase. Nematics have very similar flow properties as do 
other organic molecules of the same size. However, flow and molecular orientation are 
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tightly coupled. Molecular reorientation is induced by flow as much as flow is induced 
by molecular reorientation (say by an external field). In order to study LC flow one 
needs the description of the 
• velocity field v = v(r,t) 
• the director distribution n = n(r,t) 
• the pressure distribution p = p(r, t) 
The total number of unknowns is six 18 . The equations for nematodynamics are based 
on the Leslie-Ericksen continuum theory. The following discussion broadly follows the 
derivations in [51]. 
Equation of motion 




where ap is the stress tensor, p is the density of the LC and vi the components of the 
velocity vector. The difference a' = a - ae is called 'viscous stress'. or is the actual 
stress and ae  the equilibrium (also termed Ericksen) stress given by 
ecv 
010= a - Pa/3, 	 (4.8) 
where a' is the distortion stress tensor, p the pressure and 60 the Kronecker's delta. 
Equation 4.7 is basically a variation on Euler's or the Navier-Stokes equation. 
Director reorientation dynamics in terms of velocity gradients 
The viscous stress can be expressed in terms of the nematic director as follows: 
=+ a4Aa + tip 
+a6npnA + a2 naN13 + c 3npNa , 	 (4.9) 
"Taking n n = 1 into account 
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where A,,6=(Oavp+Ojvcy ) (the velocity gradient tensor) and N =A -  V xv x n, 
which represents the rate of change of the director with respect to the background 
fluid and can be written in the form 
= 71 N1 + y2ThaA a,, 	 (4.10) 
with 
h = KV 2 n 	 (4.11) 
in the one elastic constant K approximation and the relations 
71 = a3—a2, 	 (4.12) 
72 = a2 + 0!3 = a6 - a5 	 (4.13) 
The coefficients a 2 are called the Leslie coefficients'. The dynamics of an incom-
pressible (A = V v = 0) nematic are therefore characterized by five independent 
coefficients each with the dimension of a viscosity. 
Remarks 
Apparently this set of equations describes the macroscopic motions of a LC appropri-
ately. However, due to the complexity of the equations they have been applied to only 
very simple types of flow or to small deviations of a fully aligned state. The major 
drawback of the theory is that it lacks the description of disclination lines and points 
which are expected to seriously affect the dynamics. 
One important parameter is the ratio of the two viscosity coefficients 7i  and 72  defined 
in equations 4.12 and 4.13: A = -72/71. If JAI > 1 there is a critical angle between n 
and v (cos 2( = 1/A) for which the hydrodynamic torque r = n x h (h is defined in 
equation 4.10) vanishes and a balance between viscous and elastic stresses is reached. 
If boundary effects are not important, the molecules will lie at exactly this angle. 
For MBBA at 22°C this angle is ( = 8° [51], which is incidentally very close to the 
extinction angle observed in FLC cells with the highest contrast ratio as discussed in 
section 5•319•  If, however, boundary effects play an important role, a transition region 
19 1t remains unclear whether there is actually a direct connection between these two. 
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close to the substrates will form where the molecules do not align exactly along the 
above mentioned angle. The thickness of this transition region is of the order /k7s 
where K is an elastic constant, 'q an average viscosity and s the shear rate. From an 
order of magnitude estimation the boundary layer is about 0.5 pm thick (K ' 10 11 N, 
3. 10 2Nsm and s "-' 50s - 1). Up to half of the gap between the bounding plates 
of a typical SSFLC cell is therefore dominated by boundary effects. It is therefore very 
questionable whether the above derived equations for nematodynamics can be sensibly 
applied in this case. 
If JAI < 1 the hydrodynamic torque I' is non-zero for all orientations of the director. 
Nematics that show this behaviour are called 'tumbling nematics'. However, all the 
materials studied for this project exhibited flow alignment, implying JAI > 1. 
Again it must be stressed that all discussion is only applicable to stable flows. Insta-
bilities can even occur in laminar flows due to the interaction between orientation and 
flow caused for example by small non-uniformities of the surface due to roughness and 
chemical in homogeneities. 
Nematic director configuration in the wetting wedge 
The two different nematic director configurations that minimize the elastic energy in 
a static wedge are illustrated in figure 4.13 [90]. The same authors found experimen-
tally that depending on the spreading speed one or the other director configuration is 
favourable. These two stable regions are separated by a metastable region where the 
director configuration oscillates between the two stable configurations with an asso-
ciated change in wetting velocity. This has also been confirmed experimentally [90]. 
The profiles have been derived for the case of a droplet of NLC wetting a solid surface. 
It is evident from figure 4.14 that the situation is (again) more complicated for LC 
wetting in a capillary as two surfaces need to be wetted at the same time. However, 
the analysis in [90] explains at least partially why it is important to select the correct 
filling speed. This is indirectly confirmed by the experimental results in this study 
and indirectly shown to be valid for rubbed PVC alignment layers as well [54]. 
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a) 
Figure 4.13: Possible director configurations in a nematic wetting edge (from [90]). 
For small wetting velocities the energetically favourable director configuration is ex-
perimentally found to be the one drawn on the left side (a), for high wetting velocities 
the other (b) configuration is selected by the NLC [90]. 
Smectic liquid crystals 
Not surprisingly, the rheological properties of a smectic liquid crystal depend dramat-
ically on the direction of flow with respect to the layer normal. Smectics have layer 
structure with a well defined spacing. If the velocity probes one of the liquid like direc-
tions, i. e. directions in the plane of the layers, simple Poiseuille flow is observed [51], 
i. e. the velocity field will assume a parabolic profile, as is the case for nematics and 
isotropic liquids, if the sample remains defect free. If the velocity field is parallel to 
the layer normal, so-called 'plug'-flow is expected having a top-hat shaped velocity 
profile [51] with round edges. A certain threshold pressure also needs to be exceeded 
to break the layers and start the motion. The problem is, however, that flow perpen-
dicular to the smectic layers tends to change the layer spacing. The smectic will react 
with an undulational instability to restore the preferred layer spacing. The size of a 
disturbance to initiate the instability is of the order of a layer spacing (around 5 nm), 
which is indeed extremely small [120]. This explains why smectic monodomains are 
extremely delicate, and easily destroyed by mechanical deformation, say in the form 
of a dust particle. Each moving defect generates another one so that a cascading trail 
of defects is generated that fills eventually the complete sample. The layers are so sen-
sitive to distortion that - even in the absence of dust particles - any nonuniformity in 
the gap between nominally parallel plates, as small as a few layer spacings (' 20nm) 






Figure 4.14: Liquid motion in a capillary. 
will lead to defect formation under flow [120]. This effect is shown on plate 4.4.13 of 
section 4.2.5 and explains why filling of cells in the SmA phase is destined to fail. On 
top of all these complications, the rheological behaviour of LC in its SmA phase is 
history dependent [51]. 
4.5.3 Adsorption 
Even though it cannot be disproved it is rather unlikely that the solid surface the LC is 
wetting is mechanically modified by the forces acting in the moving contact line [195]. 
There must be another possible mechanism that explains the irreversibility of LC 
alignment on oxide surfaces. In some respect the observed phenomenon is related to 
the 'surface memory effect' which attracted quite some interest [39, 131, 141, 1501 
lately. The surface memory effect is observed if originally isotropic surfaces (like 
unrubbed polymer surfaces, oxide films deposited at normal incidence, or just ordinary 
glass slides) are apparently rendered anisotropic after they have been exposed to an 
ordered liquid crystal phase. Defects in alignment induced in the SmA or N phase 
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is still visible once the LC has been heated above its clearing point, which is quite 
different from what is observed in this study: global LC alignment and the location of 
defects does not change even after repeated heat cycling. This agrees with the findings 
presented in section 4.3, Clark [39] reports that no SME is observed on hydrophilic 
polymer coatings like PVA. The same author also finds that the strongest SMEs are 
observed with hydrophobic polymer coatings like PT or nylon. SMEs on anisotropic 
(e. g. rubbed) hydrophobic polymers (which is similar to LC wetting an anisotropic 
SiO surface) have been recently demonstrated [131]. 
All authors agree, within certain limits, that adsorption of the LC onto the bounding 
surfaces is the most likely explanation for the SME and related effects as observed 
in this study. For SiO surfaces the mechanism is thought to work through hydro-
gen bonding (remember the SiO surface is very susceptible to moisture adsorption) 
and OH-7r electron interaction [208]. Experimentally determined activation energies 
for desorption vary from 24 (for rubbed and non-rubbed polyimide coatings) to 385 
kJ/mol (for SiO and ITO coated glass) [150], which is rather high and suggests that 
the main adsorption mechanism is hydrogen bonding 20 
With the aid of computer simulation it has been shown that chemisorption should 
occur between the LC 5CB and clean metal surfaces [164]. To what extent this 
approach is applicable to different materials would be very interesting to investigate. 
In summary, one could as well agree with Yokoyama on the interactions of liquid crys-
tals with SiO-films [208]: So, it is at present entirely hopeless to draw an unequivocal 
picture of a very complex system like an SiO film-liquid crystal interface based on this 
limited number of observations. 
4.6 Conclusion 
To summarize, we have learned that 
20 Energies for hydrogen bonding lie between 10 and 40 kJ/mol, which is much higher than that of 
a typical van der Waals bond (' 1 kJ/mol), but much lower than that of a covalent bond (' 500 
kJ/mol) [85]. 
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The global alignment (in other words the two-dimensional vector field of nematic 
directors and normals to the smectic planes) is determined at the first contact 
of LC and substrate. 
The global alignment is irreversible if at least one of the bounding plates is 
coated with SiO. 
The global alignment can be changed if macroscopic LC flow after filling can be 
induced (say by introducing air bubbles) or if rubbed polymer alignment layers 
are used. 
Planarization improves the metal quality, avoids hillock formation, reduces light 
induced charge leakage and increases the pixel fill factor. Due to gaps between 
the pixels, capillary pinning at the pixel edges degrades the uniformity of the 
flow front. 
Damascene processing creates a fiat surface without trenches between pixels. 
Capillary pinning is avoided and a uniform flow front can be maintained if the 
cell gap is uniform and flow front pinning does not occur at spacer particles. 
This leads to dramatically improved uniform LC alignment. 
It has been shown that capillary pinning can be used to study NLC flow and spreading 
behaviour. Employing lithographic techniques arbitrary pinning boundary conditions 
can be created which have already sparked the interest of theoreticians working in the 
field of NLC wetting phenomena [29, 179]. It has been explained why LC cell filling is 
bound to fail if the LC is in its SmA phase and why the nematic wetting velocity has 
to be carefully chosen. If the bounding surfaces have a manifold of easy directions, 
the flow during the filling will select one or the other of the directions. 
Moving contact lines still attract constant interest from both experimentalists and 
theoreticians. The dynamics of contact line movement of isotropic liquids on rough 
surfaces are hardly understood, particularly on a microscopic level. The spreading of 
liquid crystals on rough surfaces is even more complex and quantitative experimenta-
tion almost impossible which explains that this area of the subject has scarcely been 
CHAPTER 4. FLC ALIGNMENT BY FLOW AND ADSORPTION 	108 
touched yet. However, the subject is phenomenologically rich, inherently beautiful 
and challenging at the same time, that efforts will not cease to explore this field. 
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Plate 4.1. 	 Flow defect pattern on 5x5 SLM pixels. The size of each in- 
dividual pixel is 200 /tln. Notice the flowlines on the left pixel 
where the LC has been injected from the bottom right corner. 
The LC cell gap is 2 irn and the LC material CS-1031. Filling 
speed 100 tim/s in the nematic phase. Viewed with crossed 
polarizers in reflection with white light illumination. 
Plate 4.1.A 	The temperature of the cell is just below the clearing point. 
Plate 4.1.13 	The liquid crystal is well into its nematic phase. 
Plate 4.1.0 	Cell temperature is just above the N-SmA transition tempera- 
ture. 
Plate 4.1.13 	The liquid crystal is well in its SmA phase. 
Plate 4.1.E 	The liquid crystal is cooled down to room temperature and is 
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Plate 4.2. 	Alignment on 200 nm deep gratings etched into soda lime glass 
with SiO coated cover glass. SiO alignment 'grooves' are paral-
lel to the bottom edge of the dark squares. The SiO coating s 
30 nm thick and deposited at 70° with respect to the substrate 
normal. Flow during filling was parallel to the SiO 'grooves' in 
the nematic phase. Cell gap is 2 pm and the liquid crystal used 
CS-1031. Viewed with crossed polarizers in transmission with 
white light illumination. 
Plate 4.2.A 	The size of the rectangles is 100 pm by 100 pm and 100 pm 
by 40 pm. Gratings in adjacent rectangles are perpendicular to 
each other. However, the LC alignment in the bright regions 
is at 45° to the alignment in the dark regions. In the bright 
areas the flow direction was perpendicular to the gratings. The 
grating pitch is 1 pm. 
Plate 4.2.B 	Enlargement of plate 4.2.A. 
Plate 4.2.0 	The same cell at smaller magnification just below the clearing 
point. Grating period is 1 pm in the second to fourth quadrant, 
but has a linewidth ratio of 1:2 (1 pm wide crests are separated 
by 2pm wide troughs) in the first quadrant which leads to a 
different pretilt of the LC. 
Plate 4.2.1) 	The same as plate 4.2.C, but with the liquid crystal in its SmA 
phase. 
Plate 4.2.E 	Effect of varying linewidth ratio (it changes from 1:1 on the left. 
to 1:5 at the right within a well defined 2 mm square): Change 
in pretilt. 
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Plate 4.3. 	 Alignment on 200 nm deep gratings etched into soda lime glass 
with SiO coated cover glass. SiO alignment grooves' are par-
allel to the edges of the grating sub-areas. The SiO coating 
is 30 nm thick and deposited at 700  with respect to the sub-
strate. Flow during filling was parallel to the SiO 'grooves' in 
the nematic phase. Cell gap is 2 firn and the liquid crystal used 
CS-1031. Viewed with crossed polarizers in transmission with 
white light illumination. 
Plate 4.3.A 	The same as plate 4.2.E at a slightly different angle with re- 
spect to the crossed polarizers to enhance the visual effect of 
'spillage', the continuation of a certain LC alignment into the 
next etched grating domain. 
Plate 4.3.13 	Two adjacent 2 mm square areas with orthogonal gratings. 
Here 'spillage' is particularly pronounced with LC alignment 
favoured by the grating on the left propagating by almost 500 
pm into the adjacent perpendicular grating area where the LC 
is aligned at 450  with respect to both flow and grating. 
115  
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Plate 4.4. 	Alignment patterns on 5122  planarized SLMs. Cell gap set to 
2.4im. LC material CS-1031 and viewed under crossed polar-
izers with white light illumination. Flow from the left in all 
pictures parallel to the SiO 'grooves'. The SiO coating is 30 
nm thick and deposited at 70° with respect to the substrate 
normal only on the cover glass. 
Plate 4.4.A 	A tiled image of a filled SLM with the LC in the SmC*  phase. 
The area covered by the image is 7.0 mm by 3.6 mm. The 
change in coloration is caused by a wedge in the cell gap. The 
streak like defects are perpendicular to the flow front during 
filling that happened at medium speed (i. e. well in the LC's 
nematic phase). 
Plate 4.4.B 	The difference in alignment quality when filling in the SmA 
phase (left) and in the nematic phase (centre). Streak defects 
start to form in the nematic flow. Note the high defect density 
in the left part of the image. The area covered by the picture 
is 5 nim by 2.8 mm. 
Plate 4.4.0 	SLM filled at high speed with the LC in its nematic phase close 
to its clearing temperature. The defects are now of a different 
form but the black streaks are still perpendicular to the flow 
front. The size of this image is 5 mm by 4.5 mm. 
Plate 4.4.13 	The same as plate 4.4.D but with a device with a stronger 
backplane how. The image size is 5 mm by 4.6 mm. 
Plate 4.4.E 	Close-up of the centre part of plate 4.4.E with different orien- 
tation to the crossed polarizers. The image size is 1.25 mm by 
1.15 nini. 
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Plate 4.5. 	 PVA coated LC cells with 4 im gap. The LC is again CS- 
1031. Filling direction from top to bottom. The LC was in its 
nematic phase close to its clearing point during filling. All im-
ages are 4 mm by 4mm in size. Viewed with crossed polarizers 
in transmission with white light illumination. 
Plate 4.5.A 	LC just at the clearing point. Many air bubbles trapped in 
the LC (LC has not been outgassed for long enough prior to 
filling). 
Plate 4.5.B 	LC at slightly lower temperature. Air bubbles start to move, 
flow aligning the LC in their wake. 
Plate 4.5.0 	Again at a slightly lower temperature. The moving bubbles 
leaving a defect trail behind them. 
Plate 4.5.13 	The temperature is now close to the nematic-SmA phase tran- 
sition. 
Plate 4.5.E 	The LC is now in the SmA phase. The bubbles now move very 
slowly leaving the LC in a different alignment state. 
Plate 4.5.F 	The same cell after five heat annealing cycles. The large flow 
defects have slightly faded away, but most strikingly the trails 
left by the air bubble have completely disappeared as well as 
the regions of different pretilt where the air bubble moved very 
slowly in the top left corner. 
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Plate 4.6. 	 Filling of a planarized 5122  SLM. The pixel size is 20 yrn and 
the cell gap set to 2.4itrn. Different stages of the flow are shown 
illustrating capillary pinning at pixel edges. The flow is pro-
ceeding parallel to the SiO 'grooves'. The SiO film is 30 rim 
thick and has been evaporated at 70°. Apart from plate 4.6.0 
where there is fast flow and the typical streak defects develop-
ing the filling velocity is kept at a medium speed. Viewed with 
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Plate 4.7. 	 LC alignment on the 5x5 structure after damascene processing. 
The pixel size is 200 pm, the cell gap 2.4irn and the liquid 
crystal CS-1031. Viewed with crossed polarizers in reflection 
with white light illumination. SiO 'grooves' are running parallel 
to the bottom image edge. 
Plate 4.7.A 	The same area of the 5x5 at different temperatures varying from 
Plate 4.7.B 	the nematic phase close to the clearing point on plate 4.7.A to 
Plate 4.7.0 	the SmC*  phase at room temperature. Even though the LC 
alignment is not defect free, the typical flow related defects are 
missing completely, indicating that capillary pinning has been 
successfully avoided! 
Plate 4.7.E 	Illustration of the dishing effect (preferential removal of metal 
with respect to the dielectric due to flexible polishing pad). 
The different coloration of the LC in the middle of the pixel 
indicates a different thickness of the cell gap (approx. 0.2 ,um). 
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Plate 4.8. 	 LC alignment on a dummy 1762  device (there is no CMOS cir- 
cuitry underneath the pixels and therefore no backplane bow) 
after damascene processing. The pixel size is 30 jim, the cell gap 
2.4jtm and the liquid crystal CS-1031. Viewed with crossed po-
larizers in reflection with white light illumination. SiO 'grooves' 
are running parallel to the bottom image edge of plate 4.8.C. 
Plate 4.8.A 	Comparing the images of plate 4.8 with the ones of plate 4.4 
Plate 4.8.B 	demonstrates in an impressive way how damascene processing 
Plate 4.8.0 	improves large scale FLC alignment. Flow defects are com- 
pletely absent and the overall alignment quality is very good 
indeed. There is almost no defect even on the image with the 
lowest magnification (plate 4.8.A). The process remains to be 
tested on real backplanes which also exhibit bow which makes 
it more difficult to obtain a uniform cell gap. 
Chapter 5 
SiO Alignment Part II 
Macroscopic Electro-Optic 
Effects 
At this point, ray unknown reader, pause and examine yourself 
before you read any further. Are you strong enough to hear the 
worst of ally 	 Maitre Mussard's Bequest - Patrick Siiskind 
5.1 Introduction 
Knowledge about the orientation of liquid crystals on inorganic alignment promoting 
substrates is important both from a fundamental and more practical point of view as 
already outlined earlier in this work. However, relatively few experimental studies of 
the alignment of ferroelectric liquid crystals on obliquely evaporated SiO covering a 
wide range of deposition parameters can be found in the literature. They are either 
mostly qualitative [5, 14, 52, 71, 193], or investigate only the influence of one single 
SiO deposition parameter [95, 205, 204]. The situation is similar in the important field 
of FLC bistability where a series of theoretical [38, 37, 52, 170, 2071 and experimental 
studies [71, 114, 133, 135, 145, 146, 176] have been carried out. 
This chapter provides a comprehensive study of the influence of two SiO deposition pa- 
125 
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rameters (deposition angle and layer thickness) and different cell assembly techniques 
(vacuum packing, length of outgassing of cells, and the LC injection direction) on cell 
performance parameters like dynamic and static contrast ratios, switching speeds and 
bistability. Subtleties of the experimental setup and procedure will also he discussed. 
The Saupe coefficient B 1 [51] (as defined in equation 1.4) for CS-1031 is measured. 
A model proposed by Chieu et. al. [38, 37] describing pseudo-bistable FLC cells is 
experimentally confirmed to be applicable to SlO alignment promoting layers for the 
first time. 
5.2 Experiment 
5.2.1 Test cell preparation and sample properties 
For this study a sample of 142 cells has been assembled. The cleaning of the substrates 
comprising the cells and the subsequent deposition of SiO has been described earlier 
(in sections 3.2 and 3.4.1 respectively). SiO was deposited in intervals of ten degrees 
starting from zero, with additional depositions at five and eighty-five degrees. As 
before angles are measured between the SiO evaporation direction and the substrate 
normal. Layers of three different thicknesses were deposited at each angle at approx-
imately 10, 20 and 30 nrn. However, as the crystal monitor measures thicknesses at 
normal incidence, nominally thinner layers were deposited for angles close to normal 
incidence and nominally thicker layers for angles close to grazing incidence. 
It was attempted to set the cell gap to 2 im (close to optimum thickness for maximum 
transmission at 633 nm and material birefringence of 0.17) with the appropriate silica 
spheres (see B.5) immersed in UV curing glue of which a very small amount was 
applied manually to two opposite corners of each of the two slides employing ultra-
fine glue dispensing syringe. The substrates were 12 mm square ITO coated glass 
slides (see B.4), the glass slides being assembled slightly offset leaving an active area 
of approximately 10 mm square allowing for a 2 mm contact area on each side to 
attach wires for electrical contacts directly to ITO that was not exposed to the SiO 
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vapour. Thus the extra processing step of depositing an aluminium contact strip onto 
the glass substrates prior to SiO deposition could be omitted. The structure of the 
test cell is shown in figure 5.1. 
cover glass 	liquid crystal 
ITO electrode 




Figure 5.1: Structure of LC test cell 
At least four cells were constructed at each angle and each thickness. One half of 
these cells were assembled with a vacuum packing technique [158], where the cell in 
placed in a aluminium jig which in turn was put in the centre of a standard plastic hag 
containing a perforated copper tube (see figure 5.2). The bag was then evacuated with 
a rotary pump, the plastic material then exerting in principle uniform pressure across 
the glass plates. However, the vacuum packing technique will not induce a uniform 
cell gap if the two constituent glass slides are not already fairly parallel before the 
technique is employed. Almost uniform cell gaps (one circular fringe) can be achieved 
by appropriately pushing the top cover glass with a pair of PTFE tweezers so as 
to allow the glue spots deposited in four corners and the immersed spacer particles 
to spread evenly. Better cell uniformity was achieved with very small quantities of 
glue. In all cases the cells where then exposed to at least 10 minutes of UV radiation. 
However, no quantitative test has been carried out to establish a relation between UV 
exposure length and adhesion quality. 
The available computer-controlled glue dispenser proved not to be a viable alternative 
to manual assembly as the substrates were exposed for a very long time to the ambi-
ent air and the amount of dispensed glue was difficult to control and varied greatly 
from deposition to deposition. Even though the manual assembly resulted in very 
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high yields (up to 90 % ), a fully automated assembly procedure would be desirable 
to eliminate variations in cell quality between researchers already at this stage. It 
would also reduce the time which is necessary to learn cell construction techniques 
considerably. 
H 
Figure 5.2: Vacuum packing system after [158]. 
Assembled cells were rejected when they showed more than two white light fringes, 
indicating that the cell was severely non-uniform. Wires were then attached to the 
contact areas of the cells using silver paint and 'superglue' for improved adhesion. 
There was no noticeable difference in electrical performance between cells prepared 
that way and cells with an additional aluminium contact strip. Cells were thereafter 
stored in a vacuum system at pressures of about 10' torr. 
Previously outgassed liquid crystal CS-1031 (see B.1) was then applied to one of the 
sides of the test cell. In such a way the filling direction could be chosen to be 'along 
the SiO grooves' (i. e. perpendicular to the SiO direction) or perpendicular to them 
(i. e. parallel to the SiO evaporation direction). Cells with the FLC mixture were left 
under high vacuum (10 torr) for at least 12 hours to allow for renewed outgassing 
prior to filling. For LC injection the test cells remained under high vacuum on a 
hotplate that was heated to 1300  C. Once the set temperature was achieved air was 
admitted, thereby thermal contact between the hotplate and cells established. The 
FLC filled the test cells by capillary action in its isotropic state. The filling process 
was monitored visually. The filled cells were allowed to cool to ambient temperature 
over 90 minutes. The cells were then glued onto plastic holders ready to be mounted 
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onto the optical testbench. 
To minimize a possible bias brought about by the experimentor's assembling ability, 
the cells (as more and more cells were made the overall yield increased) were not 
produced in any special order with respect to film thickness or evaporation angle. 
5.2.2 Optical testbench 
A dedicated optical testbench was set up to carry out the electro-optical experiments 
(see figure 5.3). This basic configuration was employed for all static and dynamic 
measurements. A red randomly polarized 10mW helium-neon laser was followed by a 
variable neutral density filter to control its intensity continuously. Microscope objec-
tive, spatial filter and the achromatic lens produced a collimated beam (as tested with 
a shear plate). The laser beam was then linearly polarized and passed through an 6 
mm diameter circular aperture. The liquid crystal cell under investigation is mounted 
onto a rotation holder with the rotation axis parallel to the beam. It was ensured 
that the beam was normally incident onto the test cell. The analyser which was kept 
perpendicular to the polarizer was followed by another circular aperture 6mm in di-
ameter to minimize stray reflections. The light was then collected by a lens onto a 
suitable photodiode. 
The location of the polarization axes of the two high precision polarizers were de-
termined with a polarizing beam splitter to within half a degree. Single polarizers 
transmitted 21 + 1% of the incident randomly polarized laser beam. For switching 
speed measurements a wide bandwidth (10 MHz) but small dynamic range (0.7 11\V 
to 33 1iW) photodiode with integrated amplifier (PD 0SI-1-V-300K/10M, Centronic 
Ltd) was been used; for contrast ratio and bistability measurements the small band-
width (5 kHz) but large dynamic range (1.3 nW to 4.1 iiW - allowing to measure 
a maximum contrast ratio of 3300:1) photodiode 308-067 (RS UK) with integrated 
amplifier. Both photodiodes were calibrated and their region of linear response deter-
mined by rotation of the analyser with respect to the polarizer and a calibrated power 
meter. Using the neutral density filter the laser beam intensity was then set to such 
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a value that with parallel polarizers just below the photodiodes' respective saturation 
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Figure 5.3: Setup for electro-optic measurements; NDF: neutral density filter; MO: 
microscope objective; SF: spatial filter; CL: collimating lens; P: polarizer; I: iris; TC: 
test cell in rotatable mount; A: analyser; L: collecting lens; PD: photodiode. 
A WaveTek arbitrary function generator model 75 was used to supply the driving signal 
to the respective test cell. Both the driving signal and the signal from the photodiode 
were displayed on a Hewlett-Packard 54501A 100 MHz digitizing oscilloscope. The 
function generator was also used to provide the appropriate trigger signals for the 
oscilloscope. 
5.2.3 Miscellaneous comments 
The following points should be noted when setting up a test bench that shall produce 
meaningful and reproducible results: 
• The laser beam intensity might fluctuate (here: +3 iW at 100 pW over several 
minutes) which will in turn affect absolute readings during photodiode calibra-
tion and during the measurements. The fluctuations can he minimized by en-
suring that the laser is sufficiently warmed up before taking any measurements. 
The laser in use stabilized usually within six hours and the fluctuations dropped 
below lp\V during this time. 
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• The detection limit of the photodiodes can drift considerably, which can be either 
accounted for by measuring the dark voltage just before each actual measurement 
or by leaving the photodiode enough time (usually about 35 minutes) to 'warm 
up'. 
• During the calibration of the photodiodes one must ensure that the laser beam 
does not get deflected by buckled polarizer surfaces which can also happen if the 
bearing of the rotating mount of the polarizer is worn. The photodiode assembly 
relies heavily upon the laser beam entering it on axis as the active area of the 
photodiodes is very small (5 mm  and 1 mm  for the 5 kHz and 10 MHz diode 
respectively). 
• One must ensure that maximum intensity transmitted through the system lies 
below the saturation limit of the detection system. Otherwise spurious effects 
like overshooting when switching a LC from the 'off'- into its 'on'-state can be 
observed and can lead to misinterpretation of the electro-optic response. 
• The oscilloscope's analog-to-digital converter has only a 8-bit resolution. This 
can mean that measurements, particularly of small voltages can vary consid-
erably when taken at different voltage settings. It is therefore recommended 
to use the same suitable voltage range setting throughout the complete exper-
iment, which includes the determination of the photodiode's dark voltage and 
its detection limit. 
5.3 Contrast ratio, extinction angle and switching speed 
measurements 
5.3.1 Measurement procedure 
Even though the ultimate judge of the quality of e. g. a display is the human eye, 
during the engineering stages of such a device objective photometric measurements 
of the performance parameters have to be taken. A straightforward measure of the 
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quality of alignment of liquid crystals is the contrast ratio CR which is ratio of the 
luminance of the LC cell in its 'on'-state to the transmission in its 'off'-state (after [6]): 
CR := 	 (5.1) 
'off 
Three types of contrast ratios were measured: 
static contrast ratio without applied voltage - CR 1 
This measurement is taken as the first one to assess the FLC alignment quality 
immediately after LC injection. Both 'off'- and 'on'-states are determined by 
rotating the cell around the axis parallel to the laser beam. 
static contrast ratio with applied voltage - C112 
Here a dc voltage of 10 V is applied to the liquid crystal cell, the 'off'-state 
determined, the polarity of the voltage reversed and the 'on'-state measured. 
The cell is not rotated after the polarity reversal. 
dynamic contrast ratio - CR3 
A 100 Hz square wave (+10 V) is applied to the testcell. The cell is rotated to 
find the optimum 'off'-state before taking measurements. 
The relation between the different contrast ratios is expected to be CR 1 < CR3 < 
C112 , for the following reason: CR 1 measures the alignment uniformity of a cell before 
the removal of any defects by an external field. CR3 is expected to be higher than 
CR 2 , because now the LC has 'infinite' time to lock into either switched state. 
Switching speeds are measured employing the oscilloscope's in-built measurement fa-
cility and defined as the time the signal needs to rise from a 10% to a 90% level. Again 
the driving field was supplied by a + 10 V square waveform. 
The delay time is defined as the time that passes between the leading edge of the 
driving waveform reaching 90% and the leading edge of the electro-optic response of 
the LC cell reaching 10% of their respective maxima. These times were also measured 
using the oscilloscope's measurement facilities. 
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All measurements were carried out at A - 632.8 nm, across a circular area of 6 mm 
diameter with a beam intensity of 354 jtW/cm 2 and at a room temperature of 21° 
celsius 
5.3.2 Results 
The error bars in the figures of this section do not reflect the errors on the respective 
measurements, which are usually smaller than the symbols used in the graphs unless 
otherwise stated. Instead, they give a rough guidance how large the variations in 
each subsample were. The large variations illustrate the difficulty to reliably building 
even simple FLC proto-type devices with well-defined performance parameters. It 
were exactly these large variations within individual subsets that lead to the failure 
of a previously attempted full-factorial analysis of the assembly process [71]. All 
measurements appeared not to vary with the length of time dc or low-frequency ac 
electric fields were applied to the cells, indicating that no re-alignment of the LC layer 
structure was induced. For a description of the statistical tests used in this section 
see appendix A. 
Dependence of contrast ratios on SiO evaporation angle 
Figure 5.4 shows that very good dynamic contrast ratios (> 200:1) can be achieved 
over a broad range of evaporation angles, with a clear peak at an angle of 70° with 
respect to the substrate normal. 
Not surprisingly, the static contrast ratios measured without an applied voltage are 
consistently smaller than the other two CRs, but interestingly, the spread at each angle 
is considerably smaller as can be seen in figure 5.6. Overall, however, the shape of the 
graph corresponds to the previously presented ones. One could therefore surmise, that 
the different CRs are positively correlated. This is indeed the case. The correlation 
is weakly linear (Pearson's r = 0.328) between the static CR without voltage and the 
dynamic CR, and almost linear (Pearson's r = 0.820) between the static CR with 
applied voltage and the dynamic CR.. Non-parametric tests confirm this correlation 
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Figure 5.4: Dynamic contrast ratio versus SlO evaporation angle. Plotted are mean 
and maximum contrast ratios of each subsample. 
(Kendall's r = 0.611 and r = 0.879, respectively, with very high significances). From 
this result we can infer that in order to decide whether a FLC device will exhibit an 
acceptable dynamic contrast ratio it is sufficient to measure its static contrast ratio 
without even applying a voltage across the liquid crystal. 
A further important detail is that even cells without any alignment layers show ap-
preciable contrast ratios (up to 100:1) across the circular aperture of 6 mm diameter, 
an important observation that has already been discussed in the previous chapter 
(see 4.2.2). 
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Figure 5.5: Static contrast ratio with applied voltage versus SiO evaporation angle. 
Plotted are mean and maximum contrast ratios of each subsample. 
Dependence of contrast ratios on SiO thickness 
Another deposition parameter which is claimed to be crucial for uniform FLC align-
ment (see e. g. [5] and references therein) is the thickness of the alignment layer. It 
is also assumed to play an important role for FLC bistability [37, 146]. Alignment 
layers between up to 40 nm were deposited, three different thicknesses at each angle. 
Table 5.1 gives an overview of the correlation between CBs and SiO thicknesses. It 
appears, backed by the non-parametric tests, that there is a weak positive correlation 
and a high significance level between all the different contrast ratios and the thickness 
of the alignment promoting layer. Visual inspection of the data indicates that the 
best results were achieved for SiO thicknesses between 10 nm and 30 nm. 
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Figure 5.6: Static contrast ratio as measured without any applied voltage versus SiO 
evaporation angle. Plotted are mean and maximum contrast ratios of each subsample. 
Contrast ratio depending on outgassing time 
Long out-gassing times of the cell before liquid crystal injection could in principle 
result in better overall alignment. The argument is based on the fact that the SiO is 
hydrophilic [1] and also prone to adsorb hydrocarbons and moisture if the cell has been 
exposed to during the manufacturing procedure. The presence of both hydrocarbons 
and water can influence LC alignment [89]. Long out-gassing times might support 
the desorption of hydrocarbons and minimize the effect of moisture. Test cells with 
different SiO deposition parameters have been filled after outgassing times of random 
length between zero and 28 days. Only a very weak correlation between test-cell 
outgassing time and dynamic contrast ratio could be found. Indeed this correlation 
is so weak that only a rank order test actually detects any appreciable correlation 
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dynamic CR statistic significance level 
Pearson's r 0.1895 0.0322 
Kendall's r 0.1408 0.0184 
Spearman's r5 0.1996 0.0239 
static CR w/o 
Pearson's r 0.1910 0.0308 
Kendall's T 0.1441 0.0158 
Spearman's r8 0.2002 0.0235 
static CR with 
Pearson's r 0.1089 0.2212 
Kendall's r 0.1211 0.0427 
Spearman's r3 0.1755 0.0475 
Table 5.1: Correlation between contrast ratios and thickness of the SiO alignment 
promoting layer. There is a weak positive correlation (but not an obvious linear) 
between the thickness and the contrast ratios at a very high significance level. 
(Spearman's r equals 0.1376 at a moderate significance level). Based on the available 
data out-gassing the test cell for any longer than is necessary for the LC injection 
process appears not to have any significant effect on the final quality of LC alignment. 
Contrast ratio depending on assembly technique 
There is also little evidence that the vacuum packing technique as described earlier 
has any appreciable effect on the contrast ratio. Even though in seven out of eleven 
cases the mean contrast ratio is higher for cells assembled with the vacuum packing 
technique, the variation in each subsample is so large that no final conclusion can be 
drawn (see figure 5.7). 
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dynamic CR vs evaporation angle 
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Figure 5.7: Influence of vacuum packing technique on dynamic contrast ratio. Filled 
circles: vacuum packed; open squares: not vacuum packed. 
Contrast ratio depending on filling direction 
Following the investigations in the previous chapter on the influence of LC flow align-
ment during injection, contrast ratios of cells (all cells in this comparative study had 
30 nm thick alignment layers evaporated at 60 degrees) filled parallel or perpendicular 
to the alignment layer 'grooves' have been compared. The result is somewhat surpris-
ing. The static contrast ratio without applied voltage was only marginally higher for 
parallel cells (meaning that the LC flow was along the grooves) than for perpendicular 
cells (19.7:1 as opposed to 19.6:1), for the static contrast ratio with applied voltage 
the situation is actually reversed (326:1 versus 462:1). For the dynamic contrast ratios 
the situation is similar (165:1 and 160:1 respectively). In addition it cannot be shown 
using statistical tests that the mean values are actually significantly different. Based 
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on these results it cannot be concluded that the way of filling the cell influences the 
alignment quality noticeably. Even though this might at first contradict the findings 
of the previous chapter it should be born in mind that test cells are transmissive re-
ducing the 'visibility of defects' and have a more uniform cell gap [16] (providing a 
uniform flow front) than reflective test structures and devices. Additionally all the 
reflective structures discussed in the previous chapter had alignment layers deposited 
only onto the cover glass. 
Cell coloration and defects 
Under white light illumination the cells appear yellow to orange in the 'on'-state 
and dark blue in the 'off'-state. The yellow/orange colouring is caused mainly by 
the thickness of the testcell which was optimized for maximum transmission close 
to 633 urn. However, as the exact birefringence of the FLC material at 633 nm is 
not available, maximum transmission actually occurs at shorter wavelength. If the 
FLC were in a bookshelf configuration the 'off'-state should not appear dark blue 
but black. More realistic FLC configurations are shown in figures 1.7 and 1.8, that 
manifest themselves in form of reduced contrast ratio or visually through the dark 
blue state when illuminated with white light. An additional explanation can be found 
in the following section 5.3.2. None of the 142 test cells suffered from zig-zag defects. 
Angles 
Rotation of the liquid cell between the crossed polarizers without applied voltage pro-
duces minimum transmission at an angle (the extinction angle) from the presumed 
alignment direction which can be significantly smaller than the SmC*  cone angle Oj. 
The relation between the angles is illustrated in figure 5.8. The reason for this is that 
the liquid crystal is not arranged in a bookshelf geometry but rather in a chevron layer 
structure (see section 1.2.3 for a description of different director configurations). Or 
in other words the non-zero extinction angle is evidence for tilted and/or splayed LC 
layers. Figure 5.9 shows the dependence of the extinction angle on the evaporation 
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angle. For a wide range of evaporation angles (300  to 70°) the extinction angle is very 
close to 70  This agrees well with the findings of Anderson et. al. [4]. A triangular 
director profile based on the chevron geometry is the simplest model to describe the 
findings [4]. For evaporation angles outside this range the extinction angle is consid-
erably larger (up to 18.5°). The modelling of more complicated director arrangements 
as found in twisted, splayed and half-splayed states might provide an explanation. It 
should be noted that the range of evaporation angles for high contrast ratio coincides 
with the one for small extinction angles (see figures 5.4 and 5.9). 
If an electric field is applied across the LC, the test cell has to be rotated further in 
the same direction to achieve maximum contrast ratio. Again for grazing incidence 
and near normal incidence evaporation the rotation angles are higher (20 0 and above) 
than for a wide range of medium evaporation angles, where the rotation angle is 
around 18° very close to the reported cone angle Oo  of 19° (see appendix B.1 and 
figure 5.10). Indeed, the apparent cone angle Oo of CS-1031 has been determined to 
be 18.73° + 0.3°. There is no noticeable variation of the apparent cone angle On 
with the evaporation angle. The extinction angle is roughly one third of the angle for 
maximum switched contrast when the extinction angle is small (see also [105]). 
EA 
Figure 5.8: Relation between the angles discussed in section 5.3.2. P: polarizer; A: 
analyzer; EA: extinction angle; Go: apparent cone angle; light propagation into plane 
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Figure 5.9: Extinction angle versus SiO evaporation angle. 
Switching times 
In the 'high field' regime the switching time r of an FLC is determined by its sponta- 
neous polarization P3 , its rotational viscosity 77 and the applied external field E [51]: 
(5.2) 
(For a more detailed discussion of switching dynamics see e. g. [58]). In practice, 
the switching time also depends on the details of the FLC alignment [22, 58, 113]. 
Figure 5.11 shows a typical response of a FLC test cell to a bipolar square wave. This 
study shows that there is a negative correlation between the switching times and the 
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Figure 5.10: Rotation angle for maximum contrast ratio versus SiO evaporation angle. 
indicating that FLC states which are far from simple bookshelf or chevron states (see 
section 5.3.2) not only have poor alignment but also longer switching times. There 
is indeed a weak positive linear correlation between the response times of the FLC 
and the thickness of the alignment layers (Pearson's r = 0.234 at a high significance 
level). 
Rise- and falitimes are strongly linearly correlated (Pearson's r = 0.841) as one 
would expect. Switching times varied between 14.6 + 0.1 jis and 108.6 + 0.1 ts with 
a mean of 28.8 its. The respective delay times (time elapsed between application of 
external voltage and onset of switching) were also positively correlated with each other 
and with the corresponding switching times. Delays varied between 1.2 + 0.1 ts and 
67.0 + 0.1 its  with a mean of 20.6 jts. 
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Figure 5.11: Typical electro-optical response of a FLC test cell (solid line) to a bipolar 
square wave (dotted line). The definitions of the risetime/ falitime and of the effective 
delay are also given. 
The threshold voltage of the onset of switching is of more academic interest and has 
not yet been studied in detail [51] (see, however, the study carried out by Willis 
et. al. [202]. The threshold voltage at which the first deformation occurs is given 
by [51] (see also the discussion in chapter 1): 
(5.3) 
where B 1 is one of the Saupe coefficients [166] as defined in equation 1.4, P the 
spontaneous polarization, and d the separation of the bounding plates. Threshold 
voltages are expected to be of the order of ' -i 1.78 10 3V (B1 -' 10 12  J/rn, d = 2 pm, 
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P = 28 nC/cm 2 ). For the sample under investigation (CS-1031 in 2 pm cells) 
a threshold voltage of 72 + 10 mV independent of the SiO evaporation angle and 
thickness has been measured. From this we can derive the Saupe coefficient B 1 for 
CS-1031 to be 4.09 10-12 ± 0.57 10' 2J/m. 
Sometimes it might be sufficient to achieve a high contrast without fast switching. 
For this purpose the threshold voltage for maximum dynamic contrast ratio has been 
measured (above this threshold voltage the FLC switches faster, but the CR cannot 
he improved by the higher voltage). Threshold voltages can be as small as 1.8 + 0.2V. 
On average the threshold voltage is 3.7 + 1.3V. There is a clear positive correlation 
of this threshold voltage with switching time (Pearson's r = 0.5031, Spearman's 
= 0.4943). 
5.4 Bistability 
As discussed earlier (see section 1.2.3) SSFLCs can exhibit bistability. A typical 
example of imperfect histable switching is shown in figure 5.12. Unfortunately, in 
practice the conditions to achieve good bistability are controlled by a multiplicity 
of factors. It has been shown for cells with polyimide alignment layers that latched 
states for CS-loll can be achieved if a large enough voltage is applied for a sufficient 
duration [135]. This threshold voltage is given by 
Vh = 	+ Vo , 	 ( 5.4) 
At 
where a is some constant, Vc, the asymptotic threshold voltage for t -+ 00. For CS-
1031 on SiO the above empirical model was confirmed and the values of a and V 
been determined in a separate study and found to be 5.5 + 1.4 Vs and 1.6 + 0.7 V 
respectively [109]. 
The bookshelf or quasi-bookshelf director configuration with zero pre-tilt is a fur- 
ther necessary condition for high spontaneous polarisation FLC bistability [136, 146]. 
This can be understood by considering the figures in section 1.2.3. Only if the LC is 
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Figure 5.12: Typical electro-optical response of an imperfect bistable cell. Numbers 
	
design different properties of the curve discussed later: 1-3 	CR, 2-4 	'tail' CR, 1-5 
'initial drop falling edge', 3-6 	'initial drop rising edge' 
arranged in a bookshelf geometry with zero pretilt, the polarisation vector P through-
out the sample can be parallel to the substrate normal even when no external electric 
field is applied. If the smectic layers are somewhat distorted' in their relaxed state 
an external field will straighten the layers to some extent so as to minimize the elastic 
energy and the electric energy P 5 . E. If the external field is switched off, the FLC 
will relax back into an equilibrium state determined by the elastic energy terms. It 
has also been shown that mixtures with high spontaneous polarisation show better 
bistability performance than mixtures with low P 5 . For large helix pitch mixtures 
there is actually a cut-off point for P below which no bistability is observed whereas 
'This can happen through a minimization of the sum of hulk and surface forces, which does not 
necessarily mean that both are at their respective minimum simultaneously. 
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for short pitch mixtures the relation between the quality of the bistability and P 
is gradual [146]. An increasing cell thickness has detrimental effects for short pitch 
mixtures. For long pitch mixtures there is a cell thickness cut-off point above which 
bistability cannot be observed [146]. 
Last but not least the thickness and conductivity of the alignment layers have been 
shown theoretically to be an important parameter that contributes to FLC bistabil-
ity [38, 37, 207]. Indeed, improved bistability with thin alignment layers which are 
supposedly conductive has been confirmed experimentally with thin silane monolay -
ers [52], silicon monoxide layers [176, 204], and doped polyiniide alignment films [133]. 
Conductive' alignment layers are expected to neutralize accumulated surface charges 
induced by the spontaneous polarization and ionic impurities of the FLC [22, 1141. 
5.4.1 Measurement procedure 
Bistability measurements were carried out last, i. e. the cells had already experienced 
'long term' ac voltage treatment. The high dynamic range, wide bandwidth photo-
diode was used for all the measurements as the most important parameters in this 
investigation were various contrast ratios as defined in figure 5.12 and the timescales 
of the involved dynamics were large enough to be adequately processed. After placing 
the test cell into the optical system its dynamic contrast ratio was first maximized with 
a 100 Hz signal at ± 10 V. For bistability measurements the frequency of the waveform 
was reduced to 12.5 Hz with 10 V positive and negative pulses of 7.2 ms duration. 
The driving signals were provided by the arbitrary function generator described above. 
The electro-optic response was then recorded using a digitizing oscilloscope and passed 
to a computer for further analysis. 
5.4.2 Results 
The quality of bistability can be assessed by computing the ratio between the dynamic 
contrast ratio (ratio of the intensities at points 3 and I as indicated in figure 5.12. CR) 
and the 'tail contrast ratio' (ratio of the intensities at points 4 and 2 as indicated in 
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figure 5.12, CRT). This ratio of contrast ratios would be 1 for perfect bistability. Its 
dependence on the SiO evaporation angle is shown in figure 5.13. The most striking 
feature of the graph is that the ratio shows a opposite dependence on the SiO evap-
oration angle to the dynamic contrast ratio, i. e. the ratio is low where the dynamic 
contrast ratio is high and vice versa (compare to figure 5.4). 
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Figure 5.13: Ratio of the 'tail contrast ratio' to the 'dynamic ratio' depending on SiO 
evaporation angle. Shown are the maximum, mean and variances of each subset. 
However, plotting the tail contrast ratio' against the SiO evaporation angle (see fig-
ure 5.14) reveals that there is clear positive correlation between CRT and the evapo-
ration angle, i. e. the large the angle the higher CRT. The progression of the previous 
graph (figure .5.13) can then be explained as follows: For small evaporation angles, 
the CR is already small, as is CRT, so the ratio between these two is large. For inter-
mediate angles the CR is good to excellent, the CRT poor but appreciable (usually 
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better than 1:3 with peaks at 1:5), resulting nevertheless in a small ratio between the 
two. Only for large evaporation angles (> 80 0 ), where the DCR is fairly low, the ratio 
between CRT and CR is above 0.5. 
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Figure 5.14: 'Tail contrast ratio' versus SiO evaporation angle. Shown are the maxi-
mum, mean and variances of each subset. 
As mentioned before, the thickness and in particular the conductivity of the align-
ment layers is expected to have a noticeable effect on the bistability of SSFLCs. The 
following approach has first been suggested by Chieu [37]. The cells are operated in 
the strong field regime and let the motion of the director be described by uniform 
switching. The director of the FLC then obeys: 
dO 
dt = 
PE sin (5.5) 
where 71 is the rotational viscosity of the liquid crystal, P its spontaneous polarization, 
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E the applied electrical field and 4' the azimuth angle of the director. Neglected are 
spatial variations of 4' and the influence of the dielectric anisotropy which has only 
second order effects that nevertheless can be noticeable [140]. The model cell has two 
alignment layers of equal thickness da , conductivity a a and a dielectric constant E ,. 
The effective cell gap is d, and the FLC has a conductivity of a and a mean dielectric 
constant c. It follows that 
	
V = 2daEa - dE 	 (5.6) 
£aEa - (c E + Pcos4') = p 	 (5.7) 
p 	 (5.8) cy a Ea 	= -- 
dt 
where V is the voltage applied to the cell, E and Ea the electric fields across the 
FLC and the alignment layer respectively and p is the free charge density at the FLC-
alignment layer interface. Solving these equations for V = 0 using the approximation 
E = E0 exp(—t/7 -). (5.9) 
Equation 5.5 can then be solved for small deviations away from the switched states 
with the ansatz 
4'(0) exp 
(P3E0r 
 (1 - 	_ t/r)) 	 (5.10) 
11 
or 
4'(t) = 4'(0) exp (0(1 - e)). 	 (5.11) 
The calculated transmitted intensities of a test cell whose FLC re-orients according 
to Chieu's model (i. e. equation 5.10 with different parameters r and 0 is shown in 
figure 5,15. 
Good bistability requires that the depolarization field E decays rapidly, i. e. r has to 
be smaller than a characteristic decay time 70 . In addition, the director angle should 
not deviate too much from its initial value 4'(0), which requires that 
P3E0r 	
J3, 	 (5.12) 
1 
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Figure 5.15: Dynamics of pseudo-bistable FLC cell after removal of the driving voltage 
according to Chieu's model (see equation 5.10). /3 varies between 0.05 and 0.20, r 
between 10 and 25 ms. 
where 0  is a exponential growth factor, that is ideally much smaller than 1. Re-
arranging the equations finally leads to the following threshold criteria to obtain 
bistability: 
	
2da "c 	" 	a (5.13) 
d \r0 	J r0 
and 
2d0 (1 P52 
cT ~ 	 (5.14) d 	13 77 






• High spontaneous polarization materials require alignment layers with a higher 
CHAPTER 5. SlO ALIGNMENT - PART II 
	
151 
conductivity to ensure good bistability. However, Panarin showed the opposite 
in his experiments [146]. 
• Slow FLCs, i. e. the ones with a high rotational viscosity or low P3 can have 
alignment layers with a lower conductivity and still exhibit histability. 
Several authors indeed assume that - if inorganic alignment layers are employed - the 
thinner the alignment film the higher its conductivity which in turn should result in 
better bistability [52, 204]. The sample under investigation, however, did not show 
any dependence on the alignment layer thickness, as can be seen in figure 5.16 and is 
confirmed by standard statistical tests (Kendall's r = —0.0719 at a significance level of 
0.2269). It could well he that the alignment layer thicknesses used here vary over too 
small a range that differences between might have been detected in the experiment. 
One would also expect, according to Chieu's model, that the cells without alignment 
layers should show very good bistability, which they do not, probably because the 
FLC director is arranged in a particular way that does not favour bistability. So it 
becomes once more apparent that alignment layer conductivity is only one of many 
factors that influence the quality of the bistability. 
Finally, Chieu's model has been put to a test, and his model been fitted to the electro-
optic response of a test cell, see figure 5.17. Despite the simplicity of his model, both 
theory and experiment agree very well. The fitted values for r and 0 are 5.0 ± 0.1 Ins 
and 0.10 + 0.01 respectively. Using equation 5.14 and the FLC data (see appendix B.1) 
the sheet resistance of the SiO alignment layer used for this cell (da = 21.6 nm) can 
be estimated to be at least 3.2 ± 0.1 . 10"Q/D. 
5.5 Discussion 
In the simplest case a FLC cell with its molecules ordered in the bookshelf geometry 
can be modelled as a uniform slab of a uniaxial material. If such a slab of thickness 
d and birefringence Sn is placed between crossed polarizers the transmitted intensity, 
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Figure 5.16: Ratio CRT to CR with respect to SiO alignment layer thickness. Shown 
are maximum, mean and variance of each subset. 
with the input polarizer, is described by [56]: 
	
I = 10 Sill  (2x) sin 2 (7rn))d/A) 	 (5.15) 
Generally, the cell is chosen as to optimize the maximum transmission not only to 
maximize the contrast ratio but also to improve the visual appearance especially of 
display devices. For that the FLC cell is aligned with one of the molecular axis 
parallel to the input polarizer. The application of an electric field will then rotate the 
molecular axis through twice the cone angle (which ideally is 22.5°) maximizing the 
first term. The second term is usually maximized by setting the appropriate cell gap 
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Figure 5.17: Comparison of experimental data (open circles) with best fit (solid line) 
of Chieu's model (see equation 5.10). 
the maximum possible transmission to 94%. The second term in equation 5.15 can 
only be optimized for one given wavelength, which has important consequences for a 
full colour display using one single device. The maximum transmission is therefore 
additionally reduced by variations in cell gap d (which can he multiples of the optimum 
cell gap [16]) and the wavelength dependence of the birefringence. Figure 5.18 shows 
the variation of CS-1031's birefringence with wavelength, which is considerable across 
the visible range. 
Figures 5.19 and 5.20 illustrate from different perspectives how tightly the cell gap d 
has to be controlled to yield maximum throughput at least in theory. For example, a 
cell gap deviation of 0.5nn from its optimum value for a transmissive device optimized 
for A = 633mm and a LC birefringence of 6n = 0.17 results in a drop to 80% of the 
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Figure 5.18: Variation of CS-1031 birefringence with wavelength (data points 
from [155]). 
maximum possible transmission. It has been shown that the standard Baizer's ITO 
coated 12 mm square glass slides have an average bow of 0.40 + 0.05A at 633 nm 
from edge to center [16]. Cell gap variations of the order of 0.5 Itm are therefore quite 
common. Non-uniform cell gaps account for most occurrences of contrast reversal 
across test structures and devices. The situation is even worse for silicon backplanes 
if no additional effort is undertaken to flatten the backplane before or during the 
assembly. Improved cell gap uniformity and therefore transmission uniformity can for 
example be achieved by spreading spacer particles uniformly across the glass slides 
before assembly. However, this will in turn induce liquid crystal defects which will 
reduce the overall contrast ratio. A good analogy is to compare the effect of the 
particles to twinkling stars in the night sky (see also [156]). A promising solution has 
been suggested by Shimizu et. al. [177] who use spacers coated with a hydrophobic 
material which orients the LC molecules perpendicular to the bounding plates in 
0.15 
400.0 
the vicinity of the spacer particles, which makes them appear black between crossed 
polarizers improving the 'off'-state and image quality significantly. 
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transmitted intensity vs cell thickness 
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Figure 5.19: Theoretical maximum transmission through LC cell with molecular axis 
at 45 degrees with respect to polarizers depending on cell thickness, and wavelength 
of incident light. 
Unfortunately, in real devices X o (director angle with polarizer axis in the 'off'-state) 
is often not uniform across the active area, which is mostly due to flow defects. There 
will now he no unique orientation of the LC cell for which all the molecular directors 
can be lined up with the input polarizer. In addition, Xi  (director angle with polarizer 
axis in the 'on'-state) will not be close to the required 7r/4, thus reducing the possible 
contrast ratio further and degrading the image quality severely. 
A further complication has already been highlighted in section 5.3.2: the non-zero 
extinction angle. While this does not pose a serious problem for monochromatic 
applications, it definitely is a problem for multi-wavelength devices such as colour 
displays, because the extinction angle varies with wavelength [4]. This means that 
unless a separate device is used for each individual wavelength a reduced off'-state 
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maximum transmission vs lambda 
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Figure 5.20: Theoretical maximum transmission through LC cell with molecular axis 
at 45 degrees with respect to polarizers depending on wavelength and cell thickness 
If the LC were arranged in a bookshelf geometry one could in principle achieve a 
zero transmission 'off'-state, the quality of which only determined by the quality 
of the used polarizers. Non-zero extinction angles, however, indicate that the LC 
molecules are not arranged in a bookshelf geometry but rather in more complicated 
configurations as depicted in figures 1.7 and 1.8. Even for the highest contrast ratio a 
non-zero extinction angle is found. Apart from choosing the correct surface alignment 
conditions not much can be done to reduce the effects caused by the absence of the 
bookshelf geometry. The usual method of applying a low frequency ac voltage to 
the LC device had no noticeable effect in this investigation, which is probably due to 
the use of comparatively small voltage (+ 10V across a 2 p cell gap as opposed to 
the often recommended +40V {see e. g. [5, 15, 71, 95]). However, the use of higher 
voltages was not an option as they cannot be applied in a real Si-device environment. 
Other researchers have reported a similar dependence of the alignment quality on the 
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SiO evaporation angle. However, no uniform picture emerges, and a direct comparison 
with the results here is aggravated as different materials are used in each study. For 
example Uemura et. al. [193] report good alignment of CS-1011 (Chisso) for angles 
> 800 and < 60° and bad alignment for angles between 60° and 80 0 . They also found 
a high pretilt of the LC for large evaporation angles. Armitage [5] only achieves good 
alignment for ZLI-3654 (Merck) with thin films ('.' 1 nm) at medium angles (' 60°) 
followed by a second one at large angles (> 80°). He also found a positive correlation 
between film thickness and alignment quality. Kaho et. al. [95] find good alignment 
for CS-1014 (Chisso) at angles > 85° at thicknesses between 20 and 30 nm with 
an undetermined high FLC pre-tilt angle. However, the alignment quality strongly 
depends on the quality of the vacuum during the SiO deposition. They also show how 
the extinction angle changes as their LC test cell is cooled. Yamada et. al. [205] report 
very good alignment for the FLC MOPOP ((s)-2- (4 '-(6"- methyl-octyloxy) phenyl ) -5-
octylpyrimidine) with 50 nm thick alignment layers deposited at angles between 750 
and 85°. More recently Xiao et. al. [204] reported excellent FLC alignment employing 
ultra-thin (< 80A) SiO layers at 80°. They also find that the orientation of the 
apparent FLC azimuth angle changes with alignment layer thickness. 
Switching times not only depend on the alignment layer thickness [22, 58] but also on 
the detailed director configuration of the cell under investigation [143]. The presence 
of the alignment layer essentially reduces the effective field across the FLC, which is 
given by [22] 
Vo fa 	2Ua da 
E = 2da E + dfa - 2d,,( +d€0 	
(5.16) 
where (d, ) and (dr,, 	) are the thickness and the dielectric constant for the FLC 
and alignment layer respectively. a is the induced charge density at the interface 
between alignment layer and FLC during the switching Process.  This survey shows 
that the switching time is indeed linearly correlated with the alignment layer thick-
ness. There is also good agreement with Ouchi's study [143] which shows that chevron 
structures (or more generally complicated director structures) have a slower switch-
ing time than simple bookshelf configurations. This is shown through the negative 
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correlation between the contrast ratio (which itself is strongly influenced by the di-
rector configuration) and the switching time (see section 5.3.2). The calculation of 
the Saupe coefficient B 1 for CS-1031 in the same section agrees reasonably well with 
a value found using a slightly different method for the FLC CS-1014 [202]. 
Bistability quality and switching properties are closely related as they are both thought 
to depend on the details of the FLC director configuration, alignment layer thickness 
and conductivity. The reason why this study did not reveal any dependence of the 
bistability on alignment layer thickness could be that the range of thicknesses studied 
was too small to show any appreciable effect. This conflicts with the finding that 
the switching time depends on alignment layer thickness. Additionally, one would 
expect the cells without alignment layers to behave significantly different from the 
cells with alignment layers. The major problem is that the alignment layer thickness 
influences the director configuration which in turn influences both switching times and 
bistability. It is very difficult to separate the prevalence of either of them to come to 
a firm conclusion. 
The ultimate judgement of a FLC display device will be carried out by the human 
eye. Most of the high contrast cells were perceived to exhibit good bistability. The 
question therefore arises, how good the contrast ratio actually has to be to leave a 
good impression on the lay observer. Physiological investigations have shown that 
characters can be well distinguished at a minimum contrast ratio of 5:1, and displays 
are usually perceived as good if they have a contrast ratio of at least 20:1 [6]. Even 
though higher contrast ratios are always desirable, the current quality of transmissive 
cells would certainly be good enough for less demanding mono-chromatic applications. 
Based on this survey one can conclude that cell gap and azimuth angle uniformity are 
the key to high quality colour devices, as the experimentor's influence on the details 
of the FLC director configuration are very limited in a device context. 
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5.6 Summary and conclusion 
In this chapter a sample of 142 transmissive 2 zm test cells filled with the FLC Chisso-
1031 has been characterized. The results can be summarized as follows: 
Maximum dynamic contrast is achieved for an evaporation angle of 700. 
Acceptable (> 100 : 1) is achieved for 30° < 	< 800 . 
Cells without alignment layers show appreciable dynamic contrast ratio (> 20 
1) (see also section 4.2.2) 
The quality of a cell can he estimated by measuring its static contrast ratio 
without applying a voltage. 
Switching times are above 18 is. The lower the contrast ratio the longer the 
switching time. 
Cells appear uniformly yellow when placed at 45° between crossed polarizers 
under white light illumination. 
All cells have a non-zero extinction angle. The smaller this angle the higher the 
contrast ratio. 
Variation of the test cell out-gassing time has no measurable effect. 
Flow effects have no detrimental impact on transmissive test cell performance, 
because uniform flow fronts are easily achieved 
Best bistability performance for large evaporation angles (> 80°) 
The thickness of the alignment layers (in the range studied) does not have a 
measurable effect on bistability. 
The decay of the transmission after removal of the driving voltage is well de-
scribed by a model for the director movement first proposed by Chieu: 
cb(t) = 0(0) exp (0(1 - e_T)) 
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13. There are large variations within each subsample, reflecting the fact, that it is 
difficult to achieve reproducible FLC alignment, even when none of the process 
parameters is changed. 
There are three major effects that influence contrast ratio: 
Variation in cell gap 
Variation of the azimuthal director alignment 
Non-bookshelf geometries of the FLC director configuration 
Of these the first two are the most likely to be eliminated by improving the assem-
bly process. Removal of non-bookshelf configurations is difficult in a device context 
because it is difficult if not impossible to apply suitable voltages (> 30 V) across the 
FLC layer without destroying the device. 
Chapter 6 
Langmuir-Blodgett Films for LC 
Alignment A Pilot Study 
I have not failed. lye just found 10,000 ways that 
wont work. 	 Thomas Edison 
6.1 Introduction 
6.1.1 Motivation 
The alignment of nernatic liquid crystals on self-assembled aniphiphilic multilayers has 
been of experimental and theoretical interest since the early seventies, shortly before 
the first serious device applications was marketed by Sharp in 1973 [174]. The first 
experimental studies of nematics on Langmuir-Blodgett (LB) films were then carried 
out in 1978 [13]. More recently there was a renewed growth of interest in the align-
ment of nematic and even ferroelectric liquid crystals on LB films from a more device 
oriented point of view [135, 198, 61, 132] priming experimental [104, 2, 72, 351 and 
theoretical investigations [13, 3]. Almost coincident with the investigation described 
in the third quarter of this chapter a group at the University of Rome studied the 
performance of an organic charge transfer complex doped polyamide alignment lay-
ers [67]. Some years before a group in Japan used polyimide based charge transfer 
161 
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complexes to align FLCs and achieve improved bistability [133]. However, no coher-
ent picture of the interactions between different LC and LB-films has so far emerged. 
LB materials reported to align nematics and actually studied include cetyltrimethy-
lammonium bromide (CTAB), dilauryol and dipalmitoyl lecithin, -tricosenoic acid 
and the omni-present polyimide which is particularly popular with device engineering 
groups [35, 132, 135, 61, 198]. For a comprehensive review of the results see [13]. 
There are some reasons why liquid crystal alignment with Langmuir-Blodgett films 
are so attractive to both device engineers and the physics community. Films with well 
specified surface properties and tightly controlled thickness can be deposited without 
using vacuum systems. There is the potential to deposit conducting films in the same 
way. Even multifunctional films can be envisaged as we will see at the end of this 
chapter. Some LB materials can be polymerized thereby improving the film's physical 
performance. The films can be very well ordered (depending on the substrate mor-
phology) and can, in principle, be deposited onto large area substrates. In particular, 
LC pretilt angles can be chosen by varying the LB film deposition conditions. LB 
films provide an organic interface to the liquid crystal therefore avoiding the inherent 
problems of inorganic alignment layers like obliquely evaporated SiO. 
The chemical similarity and simplicity of fatty acids (the most common LB mate-
rial - CH21 COOH with n > 11) and nCB/ nOCB (n > 5) type LC (both have 
alkyl chains attached to a polar head and are comparatively small) make them ideal 
candidates for computer simulation studies of their mutual interactions. Both mate-
rial groups are commercially available and experimental verification of the simulation 
results is possible with standard techniques such as XPS, x-ray diffraction, ellipsom-
etry, evanescent field probing, polarising microscopy and other electro-optic charac-
terisation procedures. Experiments on homologous series of both nCB/ nOCB and 
C 1 H 2+1 C00H promise to be valuable source of information. In addition, mixtures 
of long chain fatty acids and other molecular complexes like charge transfer (CT) 
salts can be readily deposited, their physical properties examined and tested for their 
device suitability. 
This chapter describes a pilot study on the alignment of El on Cd-arachidate and 
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iodine doped (N-octadecylpyridiniu m)-Ni (dmit) charge transfer complexes carried out 
at the Centre for Molecular Electronics at the University of Durham with the friendly 
support of Professor Mike C. Petty. 
6.1.2 Langmuir-Blodgett Films 
Langmuir-Blodgett Technique 
The Langrnuir-Blodgett technique comprises the transfer of a highly ordered monomo-
lecular films of insoluble organic molecules floating on a liquid (also called subphase, 
most commonly water)' onto a solid substrate through vertical dipping of the sub-
strate. The films retain their orientational properties during the transfer. Films of 
known thickness can be deposited by repeating the dipping process. LB film materials 
usually have a hydrophilic polar head group (e. g. -COOH) and an hydrophobic tail 
(typically a long alkyl chain - with n > 11) - molecules of that structure be-
long to the group of fatty acids, and as an example the chemical structure of arachidic 
acid is shown in figure 6.1. These molecules are called amphiphilic, and include soaps 
and phospholipids, which are also called surfactants. Other materials that form float-
ing monolayers include proteins and enzymes, oligormeric and polymeric layers. 
Film spreading, surface pressure, surface phases and isotherms 
To obtain a monomolecular film the LB material must first be dissolved in a suitable 
solvent like toluene or (in this case) chloroform (CHC1 3 ). The solution is then applied 
to the subphase in droplets allowing enough time for each individual droplet to spread 
completely. The solvent evaporates leaving the insoluble molecules floating freely on 
the subphase. To improve the deposition characteristics of fatty acid films divalent 
ions can be added to the subphase. The floating layer will then be a mixture of the 
fatty acid and its salt, the exact ratio depending on the pH of the subpliase. For 
CdCl 2 the equilibrium reaction equation is 
'Mercury and various hydrocarbons have also been used. 
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2CH21 C00I-I + CdCl 2 	 + 2HC1 	(6.1) 
Unwanted fatty acid can be removed from the deposited film by washing it with alcohol 
or acetone, changing the properties of the film significantly which will now contain a 
large number of pin holes. This process is required for some applications and is called 
skeletization [23]. 
The presence of these molecules will affect the surface tension of the subphase. The 
difference between the surface tension of the subphase without and with the floating 
film is called surface pressure II: 
H = Yo - 
	 (6.2) 
where yo  is the surface tension of the pure subphase (yH 2 o,m200c = 72.8mN m 1 ) 
and -y the surface tension with the spread LB material. [I is usually of the order of 
multiple mN . m 1 . When the monolayer is subsequently compressed as described 
below, and the surface pressure [I is plotted against apparent molecular diameter 
(also called the surface pressure-area isotherm), a dramatic change in surface pressure 
can be observed which is directly related to different molecular arrangements in the 
floating film. A typical isotherm and the corresponding molecular arrangements for 
a fatty acid are depicted in figure 6.2. In the gaseous phase 'G' the molecules are 
widely separated not interacting with each other. There is almost no change as the 
area which is available to the molecules is reduced. There occurs a first phase change' 
when the area is small enough that the tails of the molecules start to interact with each 
other and the surface pressure raises as the area is reduced. The surface film is now 
in its extended phase 'E'. Another phase change occurs when the available area per 
molecule is slightly above the diameter of the long alkyl chain, i. e. 0.2 The alkyl 
chains now protrude perpendicular from the suhphase surface and the molecules are 
arranged in a two-dimensional quasi-solid highly incompressible layer, the solid phase 
'S'. UpOn further compression the molecules will he forced out of the arrangement and 
the film will buckle and collapse. Isotherms provide an important mean of assessing 
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Figure 6.1: Chemical formula for n-eicosanoic acid (arachidic acid) (C 19H39C00H) 
and its approximate dimensions 
Langmuir-Blodgett Deposition Equipment 
The basic system for film deposition employing the Langmuir technique is depicted in 
figure 6.3. It consists of a trough which holds the subphase, a moving barrier which 
confines and compresses the floating monolayer and a Wilhelmy plate [201] which 
monitors the surface pressure H. 
In this case the Langmuir trough is made of glass and the moving barrier a PTFE 
coated glass fibre band. The band is arranged around six PTFE rollers as shown in 
figure 6.4 so that the barrier has a constant perimeter as the monolayer is compressed. 
This method ensures that the transfer of a floating monolayer onto the substrate can 
be carried out with minimum distortion of the layers [151]. All surfaces which come 
into contact with the subphase or the monolayer are inert and are able to withstand 
the various organic solvents used for cleaning and spreading of the monolayer ma-
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Figure 6.2: A typical isotherm for a long-chain molecule with a polar head with three 
surface phase transitions: From the 'gaseous' state passing through the 'expanded' 
one arrives at the first of the 'condensed phases. 
which are released into the subphase will modify the monolayer behaviour significantly 
through changes in the pH of the subphase. Impurities should routinely be below the 
p. p. b. (parts per 10) limit. 
The surface pressure H is monitored with a Wilhelmy plate. Once the operator has 
decided at which surface pressure the deposition shall be carried out a stepper mo-
tor controlling the barrier compresses the monolayer until the required H is achieved. 
Then the Wilhelmy plate provides a feed-back signal to ensure constant surface pres-
sure during the deposition process. A second independent stepper motor lowers and 
raises the substrates into the subphase. The dipping and retracting speeds can be set 
by the experimenter. 
Films of different molecules will result in different molecular layerings. Depending on 
the particular type of molecule and surface properties of the substrate 
• X-type 
- the hydrophobic chain anchors to the substrate if the latter is also hydrophobic, 
subsequent layers the polar head group always points away from the substrate, 
• Y-type 
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Figure 6.3: The basic system required for thin film deposition with the Langmuir-
Blodgett technique 
Figure 6.4: Schematic of constant perimeter compression LB barrier 
- the substrate is hydrophilic, polar head anchors on substrate, subsequent layers 
have alternating hydrophobic and hydrophilic surfaces, 
• Z-type 
- substrate hydrophilic, polar head anchors to substrate, subsequent layers al-
ways hydrophobic 
films can be deposited. The deposition sequence for a Y-type film is shown in figure 6.5. 
The film quality on the substrate can be roughly assessed during the deposition by 
CHAPTER 6. LB-FILMS FOR LC ALIGNMENT 	 168 
the transfer ratio 
AL (6.3) 
As 
where AL is the area occupied by a monolayer on the subphase, and As the coated 
area of the solid substrate. Transfer ratios below 0.95 or above 1.05 indicate poor film 
quality [151]. 
I 	-. I.- :11::: 
I FE 
A N- : 
Figure 6.5: Deposition sequence for a Y-type LB film. Note that there is no deposition 
when the hydrophilic substrate is lowered into the subphase for the first time as 
the meniscus of the water has the wrong curvature for the film to be transferred. 
The first layer is transferred on retraction of the substrate from the subphase. The 
surface is now hydrophobic and the next layer is transferred on the downward stroke 
as the subphase's meniscus is curved in the right direction. The surface is now again 
hydrophilic and the next layer is deposited on the upward stroke. 
All experiments are carried out in a class 10000 micro-electronics cleanroom to mini-
mize contamination of both the molecular film on the subphase and the substrate by 
air-borne particles. Keeping the substrate clean serves three purposes: 
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A clean substrate surface will not contaminate the subphase during the de-
position process (which otherwise could change surface tension, the pH of the 
subphase or induce defects in the floating film). 
The occurance of defects in the deposited film can be reduced. 
It increases the chances of assembling flat liquid crystal cells with the correct 
cell gap which is of the order of a few micrometers. 
The Langmuir trough and its ancillary equipment are placed into a perspex cupboard 
with extractor fan. The fan supports the evaporation of the solvent that is used to 
spread the monolayer-forming material. Once all solvent has evaporated the fan is 
switched off and the cupboard now serves the purpose of blocking air currents which 
might otherwise lead to erroneous measurements of the surface pressure. 
Cleaning of the subphase 
Avoiding contamination of the subphase is a prime directive. Even more important 
is to clean the subphase surface thoroughly before spreading the monolayer material. 
This is accomplished by reducing the available area to a minimum and then skimming 
the surface with a glass capillary tube attached to a water driven pump. The success 
of the cleaning procedure is easily checked by retracting the barrier and then monitor-
ing the surface pressure as the advancing barrier compresses the (hopefully) 'empty' 
surface. Residues of old films or other contamination will manifest themselves through 
an increase in surface pressure as the surface area is reduced. Subphase cleaning can 
be considered completed when there is no apparent change in surface pressure during 
barrier movement. 
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6.2 Non-conducting LB films 
6.2.1 Experimental 
Monolayer material and subphase 
The monolayer material used in this study is n-eicosanoic acid (also known as arachidic 
acid) which structural formula is shown in figure 6.1. This material was chosen because 
it was readily available and easy to deposit. For stabilisation of the arachidic acid film 
some CdC1 2  is added to the subphase which in this case is ultrapure water obtained 
by reverse osmosis, deionisation and ultraviolet sterilisation. 
Substrates 
Indium-tin oxide coated glass slides and aluminium coated silicon die were cleaned in 
an ultrasonic bath with NEIJTRACON at a temperature of r60 °C for ten minutes, 
rinsed with and temporarily stored in distilled water. After a second rinse in distilled 
water the slides and die were individually cleaned in MOS grade acetone in an ultra-
sonic bath for three minutes, rinsed with acetone and then put into propanol storage. 
These initial cleaning steps were carried out at Edinburgh. At Durham the substrates 
were blown dry with oxygen-free nitrogen shortly before Langmuir-Blodgett film de-
position. This treatment rendered both the aluminized silicon surface and the ITO 
coated glass substrate hydrophilic, so that during the first immersion no molecules 
were transferred onto the substrates. 
Liquid crystal material 
All experiments were carried out with the nematic mixture E7. Its properties can 
be found in appendix A. The use of FLC was not possible because there was no 
appropriate equipment available to ensure adequate out-gassing and heating of the 
FLC. However, the even more limiting factor was that the the melting point of Cd-
arachidate is 77 °C well below the clearing point of CS-1031 
('-S.' 
97 °C). For future 
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studies the use of polymers deposited with the LB technique appears to be promising 
as outlined in 6.4 because they are more robust than the long-chain fatty acid type 
materials [151]. 
Monolayer formation, assessment and deposition 
For monolayer spreading 10 mg of arachidic acid were dissolved in 10 ml of chloroform 
(CH C13).  For the formation of cadmium-arachidate 0.6 g of CdC1 2 were dissolved 
in the subphase (equivalent to ' s-' 10 4M solution). 100 jLl of arachidic acid were 
then spread as uniformly as possible onto the subphase with barrier set to provide the 
maximum surface area (in this case 745 cm 2 ). For all mono- and multilayer depositions 
the pH of the subphase was 5.5 + 0.1 and its temperature 20 ± 1 °C. Slight drifts 
of the subphase pH to lower values were observed when monolayer films were left 
overnight which can be attributed to the intake of CO2. The floating films themselves 
turned out to be very stable over several hours, however, as a matter of principle, 
fresh monolayers were prepared at the beginning of each experimental series, as well 
when the transfer ratio r differed significantly from 1, indicating that the quality of 
monolayer transfer is poor. The layers deposited as Y-type films and the total number 
of layers was always determined from the dipping record. 
After spreading the extraction fan was switched on for p-' 10 minutes to support the 
evaporation of the solvent. After a settling period of a further 5 minutes (the air cur-
rents generated by the extraction fan need to cease before the surface pressure can be 
measured reliably with the Wilhelmy plate) an isotherm of the newly spread monolayer 
was acquired. This provided a convenient way to check the quality of the monolayer by 
calculating the total surface area the molecules should occupy when compressed into 
their solid phase with the hydrocarbon tails upright and closely packed perpendicular 
to the subphase. In a first approximation the total area covered by the molecules is 
then the sum of the individual molecular cross-sections. 
We deposited 0.1 mg of arachidic acid or '--' 1.9. 1017  molecules, each having a cross- 
section of -.- 20A 2 , which should in total take up approximately 380 cm 2 on the 
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Figure 6.6: Typical isotherms of Cd-arachidate obtained at subphase pH of 5.5 ± 0.1 
and 20 ± 1°C. However, the isotherm on the left side suggests a molecular cross-section 
of r-'  25 A2 , the isotherm on the right hand side a cross-section of' 20 A2 as expected. 
This indicates a partially collapsed monolayer or contamination of the subphase. 
subphase. The method is illustrated in figure 6.6. The isotherm on the left side 
indicates that the total area occupied by the molecules was approximately 450 cm 2 . 
This in turn would mean that each molecule had a cross-section of "-' 24 A2 , a result 
that could be explained either by a partially collapsed monolayer or contamination of 
the subphase [23]. On the other hand (after cleaning the subphase and spreading of a 
new monolayer) the area occupied by the molecules in their solid phase was equivalent 
to 20.5 A2 per molecule, which is derived from the isotherm on the right hand side 
and very close indeed to the expected value of 20 A2 . 
All subsequent deposition were carried out at a surface pressure of 30 mNm', a 
pressure which is well inside the solid phase of Cd-arachidate. The dipping speed was 
set to 50 pm/s. After finishing the deposition sequence the substrates were left to 
dry in the enclosed area of the fume cupboard for at least 10 minutes. Skeletization 
(removal of free fatty acid) [23] was not carried out. Depositions with transfer ratios 
considerably less than 1 were rejected. A typical trilayer dipping record is shown in 
figure 6.7. 






Figure 6.7: This is a typical dipping record of a trilayer Cd-arachidate deposition run. 
6.2.2 Liquid crystal alignment on cadmium arachidate films 
Following the deposition of Cd-arachidate mono- and trilayers (as inferred from the 
dipping record) onto ITO glass and aluminium coated silicon die, LC cells were as-
sembled with 9 jm spacer spheres dispersed in Norland 68 UV curing glue. In such a 
way transmissive and reflective cells could be produced. The bounding plates of each 
individual cell were coated during the same process run. An initial practical problem 
was the reduced adhesion of the glue to the substrate due to the LB film coating, 
which could be resolved by removing the LB film mechanically from the corners of the 
test cell before application of the spacer loaded glue. After exposure to UV to cure 
the glue, the nematic mixture E7 was injected into the cell. The active area of the 
LC cells was 1 cm 2 . The nature of Y-type deposition implies that hydrophobic end 
groups were in contact with the LC material. 
Monolayers repeatedly resulted in almost perfect homeotropic alignment of the LC as 
previously reported by Saunders et. al. [165]. Under crossed polarizers both the reflec- 
tive and the transmissive cells appeared black. There was no pronounced texture, but 
at xlOO magnification randomly distributed point defects (smaller than one microme- 
ter) which appeared as white spots on an otherwise uniform background, were visible. 
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During the filling process the LC exhibited planar alignment which is attributed to 
flow alignment. However, the LC underwent the transition from homogeneous to 
homeotropic alignment only at some marked distance (usually up to 2 mm) from the 
LC flow front. The alignment transition was accompanied with a pronounced flicker 
at the transition interface. 
Planar alignment could be achieved routinely with trilayers. However, the alignment 
was not uniform but the LC arranged itself into domains. Cells exhibited domains are 
shaped like scales and the shape of the domains indicates the flow direction of the LC 
whereas domains in other cells exhibited no particular shape (see plates 6.1 and 6.2). 
In order to evaluate the performance of the Cd-arachidate film after exposure to 
elevated temperatures empty and filled trilayer cells were stored at 70 °C (slightly 
above the melting point of Cd-arachidate) for a minimum of two hours. In the latter 
case the LC underwent an alignment transition from a planar to a homeotropic state. 
When the empty baked trilayer cells were filled the LC aligned itself homeotropically 
immediately behind the flow front as opposed to the dynamics of filling unbaked 
monolayer cells described above. The filling speed in this case was not slower than 
the filling speed in the former case. 
6.2.3 Discussion 
There is a fundamental difference between the first monolayer and subsequently de-
posited monomolecular layers. In most cases the physical and chemical structure of 
the first layer will be determined by the substrate rather than the bulk material prop-
erties. It has been established that the alkyl chains of the first monolayer tend to pack 
into a hexagonal arrangements with the chains normal to the substrate [27, 103]. With 
increasing number of layers the arrangement changes into an orthorhombic packing 
with the alkyl chains tilted at 20° to 300  with respect to the substrate normal. The 
tilt can change with film thickness [93]. 
Whereas the results of the steady state experiments employing untreated Cd-arachi 
date films are in good agreement with previous results [165] and are consistent with the 
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structural properties of the film surface as discussed above, this pilot study revealed 
a series of interesting effects which have not been discussed in the literature. Of 
particular interest is the transition from planer to homeotropic alignment during the 
filling process which appeared to be affected by the surface properties of the aligning 
film in a subtle way. It is well known that anchoring on amphiphilic monolayers is 
strongly dependent on their surface density. Expanded layers usually result in better 
homeotropic LC alignment because they potentially exhibit high defect density (one of 
the rare cases, where surface order defects of the alignment layer actually aid uniform 
LC alignment). This effect can be fully explained by steric interactions (see e. g. [13]) 
and also accounts for the small tilt angle of about 4° reported previously [165]. 
Even though both baked trilayer and un-baked monolayer cells resulted in the same 
equilibrium state of LC alignment, ie. homeotropic alignment, the dynamics of this 
transition varied significantly despite identical filling speeds. One reason for this could 
be that cracks in the baked trilayer films appeared which were larger than the voids in 
the freshly deposited monolayer so that the LC alignment transition was significantly 
facilitated. The observed alignment transition, which occurred upon heating the filled 
trilayer test cells above the melting point of the LB coating, could be explained by a 
partial incorporation of LC into cracks of the LB matrix. The point defects embedded 
in the homeotropic aligned LC on monolayers were attributed to defects and vacancies 
in the layers which in turn were presumed to be enhanced by the roughness of the 
underlying ITO. Often the LB films showed bad adhesion to the ITO, which manifested 
itself in low transfer ratios or the detachment of films after deposition. The surface 
properties of the ITO could be improved by washing it in a concentrated solution of 
Na2 Cr2 O7 in concentrated H2SO4  for lOs [69]. 
The defect density in the deposited film can be reduced by annealing the floating film 
repeatedly or cycling between two different phases [20]. However, this technique will 
not prevent accidents like the deposition of collapsed monolayers or substrate induced 
pinholes. It is difficult to overcome substrate deficiencies with the deposition process 
as the films usually conform to the substrate undulations when transferred. The layer 
might even be uniform until dried as supporting water layers are removed allowing the 
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film to collapse [66]. An obvious way to improve the surface characteristics of the ITO 
would be an attempt to polish it before deposition. This might not prove successful due 
to its polycrystalline nature, i. e. new holes are opened up as the polishing proceeds. 
This effect has already been discussed in section 3.3.2. 
6.3 Conducting LB films 
6.3.1 Conduction mechanism 
Certain materials which can be deposited with the Langmuir-Blodgett technique ex-
hibit high in-plane conductivities. They are called charge transfer complexes. The full 
understanding of the processes involved would require the application of the quantum 
theory of solids. The basic concept, however, can be explained as follows: Charge 
transfer complexes always have two constituent molecules, often aromatics. One of 
them is an electron donor (i. e. is easy to ionize), the other one an electron accep-
tor. Complete charge transfer would again result in an insulator, however, in non-
stoichiometric mixtures or in cases where there is incomplete charge transfer (say only 
9 out of 15 electrons are transferred), partially filled electron bands can be formed and 
conduction is possible. The success is strongly dependent on a finely tuned balance 
between the ionization potentials and the electron affinity of the constituent molecules. 
The shape and packing of the molecules is also of prime importance. Usually at least 
one of the molecules is close to planar in shape allowing highly ordered stacks to form 
throughout which the electrons are delocalized. 
Well known charge transfer complexes are tetrathiafulvalene (TTF - a donor) and tetr-
cyanoquinodimethane (TCNQ - an acceptor) [197]. A 1:1 TCNQ:TTF salt exhibits a 
room temperature conductivity of up to 5 10 3Scm 1 . To assist the deposition charac-
teristics without affecting the molecular packing significantly a small amount of fatty 
acid can be added without sacrificing conductivity [151]. 
Attachment of a long alkyl chain to one of the constituents yields amphiphilic CT 
complexes with improved deposition conditions. Some of them become conducting af- 
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ter doping. (N_octadecylpyridinium) 2 _Ni(dmit) 2 is one of these materials (its chemical 
structure is shown in figure 6.8) that conduct after exposure to iodine vapour (values 
up to lOS cm — ' have been reported) . The dmit constituent is almost planar with 
ten sulphur atoms being responsible for most of the inter- and intrastack interactions. 
The redox properties of the molecule can be varied by choosing different metals (like 
Pd or Pt). Ni(dmit) films are usually stable over several month but there are long 
term variations in conductivity as the dopant can have the tendency to diffuse out of 
the film again. 
6.3.2 Experimental 
Materials 
Multiple layers of the well characterized [148, 189, 149] charge transfer complex (N-
octadecylpyridinium)2—Ni(dmit)2 - see figure 6.8 were deposited onto microscope 
slides to provide a conducting transparent electrode. The slides were cleaned prior 
to deposition with DECON90 at 60 °C in an ultrasonic bath for 10 minutes, then 
rinsed with chloroform and blown dry with oxygen-free nitrogen. The subphase for 
deposition was ultra-pure water (as in 6.2.1). Chemical doping of the LB film was 
achieved by exposing it to iodine vapour in a closed container. In some cases multiple 
layers of Cd-arachidate were deposited as described earlier on top of the conducting 
layer to induce improved homogeneous alignment of the subsequently applied liquid 
crystal. The experiments involving LC were carried out with the nematic mixture E7. 
Monolayer formation, assessment and deposition 
For the formation of floating layers, pyridinium and Ni(dmit) complexes were dis-
solved with a weight ratio of 2:1 in three parts of chloroform (CHC1 3) and one part of 
benzene (C 6 1­1 6 ) to result in a 0.34 mg/ml solution of which 1 ml was spread on the 
subphase. The subphase temperature was 20 + 1 °C and its pH " 5.8 + 0.3 during 
the depositions. The extraction fan was then switched on for at least 20 minutes to 
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Figure 6.8: Chemical formula of (N-octadecylpyridinium) 2 —Ni(dmit) 2 complex. Data 
from [73] and [149]. 
allow enough time for the evaporation of the solvents. The stability of the film was 
then monitored by taking several isotherms. A sequence of typical isotherms of a 
prydinium/Ni(dmit)2 monolayer is shown in figure 6.9 which have been taken in 3 
minute intervals from right to left. The film is deemed sufficiently stable once subse-
quent isotherms do not differ significantly any more. Stabilization usually occurred 
within 15 minutes after the fan was switched off. Collapsed films were easy to detect 
visually. After approximately three hours a new monolayer had to prepared. It should 
be noted that true monolayers of pyridinium-Ni(dmit) 2 complexes only develop after 
the floating layer has been left in its uncompressed state for several hours, however, 
films deposited from true monolayers show no significant in-plane conductivity even 
after doping with iodine [149]. 
Deposition onto the substrates was carried out at a surface pressure of 30 mN/cm 2 
and at dipping speeds of 6 mm/mm. The drying time between subsequent depositions 
was approximately 10 minutes. The monolayers deposited as Y-type films. 
The monolayers deposited as Y-type films. The final number of layers was obtained 
from the dipping record. 
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Figure 6.9: Isotherms of pyridinium-Ni(dmit) complex taken at three minutes intervals 
from right to left. 
6.3.3 Results 
DC conductivities of the films 
Several multilayer depositions were carried out to assess the electrical and optical 
properties of the conducting pyridinium-Ni(dmit) complex. The samples were ex-
posed to iodine vapour in a sealed container and removed when no further colouration 
change (the films, originally transparent become ocher coloured when exposed to io-
dine vapour) was visually detectable. A series of carbon cement contacts were made 
on each test slide at different places as sketched in figure 6.10 to measure the film's 
in-plane DC conductivity with the two-point technique at 100V. The electrodes were 
4.74 mm by 1 mm in size and roughly spaced at 1 mm intervals. Room temperature 
measurements were taken in air and in a vacuum system at 10-2  bar so as to mini- 
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mize the influence of moisture [162]. Under the moderate vacuum some of the iodine 
appeared to diffuse out of the Ni(dmit) film leaving its transparency and conductivity 
increased. The latter effect is explained as the formation of a mixed-valence com-
pound [149]. Table 6.1 summarizes the results obtained from two different Ni(dmit) 
films deposited onto microscope slides. Glass substrates coated with undoped films 
showed no increase in their surface conductivity. 
2 4 6 	
LB film 
reference 	1111111 - 
---' i 	1357 	 / 	riririnn 
top view 	 view 
._- glass substrate 
Figure 6.10: Arrangement of the measurement points on the microscope slide. The 
solvent in the carbon cement paste ensures that the conducting particles permeate the 
multilayer film. 
The electrodes were arranged on the slide as shown in figure 6.10 so as to measure the 
conductivities at different locations and over various distances. The relation between 
sheet resistance and resistivity or conductivity is given in equation 6.4 
R = (P) . () = Ro•
(;) = () . (j) 	
(6.4) 
where R is the measured resistance, t the thickness of the film, 1 the distance between 
two respective test points, w the length of the electrodes, R 0 the sheet resistance, p 
the resistivity and or the conductivity. The voltage was measured to an accuracy of 
±1 V, the current to ±0.05 mA, and the distances to ±0.1 mm. 
The sheet resistances have been determined at various sites on the substrate with 
varying distances between the electrodes. In that way one can assess the homogeneity 
of the films and test for the influence of contact resistances. In figure 6.11 sheet 
resistance is plotted versus electrode separation showing a weak correlation. Sheet 
resistances appear to drop with increasing electrode distance. This can be readily 
explained by the fact that intermittent electrodes are part of the film to be measured 
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as shown in figure 6.10 because carbon particles diffuse into the film. Overall, the 
films appear to be isotropic and the contact resistance negligible. 
On average the sheet resistance of 19-layer films (determined from the dipping record) 
after iodine doping was 3.50 iO/D with a variance of 1.5 10 5 1/D which com-
pares to values quoted in [148, 149] taking into account that their layers are up to 
three times thicker than the ones deposited in this experiment. Thin layers were de-
posited because a balance between light throughput and film conductivity needed to 
be achieved. No deterioration of the film's performance was observed over a mini-
mum period of a week (it has been shown that films are stable up to 100 days after 
deposition [149]). However, these films showed nevertheless poor performance both 
optically (low transmission and noticeable discoloration) and electrically (low conduc-
tivity) when compared to commercially available ITO. 
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Figure 6.11: Measurements at multiple sites and over several distances have been 
made to assess the anisotropy of the film and the influence of contact resistances. 
There is a weak correlation between sheet resistance and electrode distance which can 
be understood when considering the electrode arrangement depicted in figure 6.10. 
The error bars are smaller than the symbols. The lines are for guidance of the eye. 
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Liquid crystal on conductive Langmuir-Blodgett films 
After film deposition liquid crystal cells were assembled with 9 jim spacer rods dis-
persed in Norland 68 and filled with the nematic mixture E7. The LB film has not 
been rubbed or otherwise treated before LC injection. On introduction of the liquid 
crystal the iodine appeared to be washed out of the Ni(dmit)-film. In the close vicinity 
of the LC flow front an intense yellow colour could be observed. In the areas were 
the LC already filled the cell it assumed a pale ocher colouration. The LC aligned 
homeotropically over large areas (several mm square) with intermittent regions of pla-
nar alignment. After completion of the LC injection attempts were undertaken to 
switch the LC with voltages up 50 V. No electro-optical response (in the regions of 
planar alignment) could be detected and a subsequent test of the DC in-plane con-
ductivity of the films on both sides of the LC cell revealed that the films ceased to 
conduct. In the area outwith the cell region, the films retained their dark ocher colour 
and their conductivity. 
In order to achieve large scale planar LC alignment and to buffer the iodine dopant 
multiple layers of cadmium arachidate were deposited onto the Ni(dmit) films following 
the recipe outlined in 6.2. Cells with seven, thirteen and seventeen layers of fatty acid 
showed respectively increasing improvement of planar alignment of the liquid crystal 
but were not very effective as a buffer in retaining the iodine in the Ni(dmit) layers 
and so the liquid crystal failed to respond to any external fields. Most of the iodine 
appeared to be washed out by the liquid crystal showing a bright yellow deposit 
around the liquid crystal meniscus. There was no apparent change in conductivity or 
colouration after the deposition of the fatty acid prior to the injection of the liquid 
crystal. 
6.3.4 Discussion 
Even though the experiment proved to be a disappointment in providing a functional 
conducting alignment layer based on the Langmuir-Blodgett technique, several impor-
tant things could be learned from this pilot study. 
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The nematic liquid crystal E7 aligns homeotropically on bare multi-layers of 
octalpyridinium-Ni(dmit) complexes. This can be explained by the Y-type na-
ture of the deposited film, i. e. the hydrophobic end of the pyridinium molecules 
are in contact with the liquid crystal, and the high defect density of the film [149]. 
An alignment transition can be induced by subsequently depositing multiple 
layers of cadmium arachidate, the quality of planar alignment improving with 
increasing numbers of layers. 
The LC appears to bind iodine and remove it from the Ni(dmit) complexes 
leaving it non-conducting. 
It is clear from the in-plane conductivity measurements that the chosen material based 
on Ni(dmit) charge transfer complexes cannot compete with commercially available 
ITO in terms of sheet resistance, transparency, LC compatibility and long term sta-
bility. There are also reports on the effect of different kind of external electrodes on 
the films performance [148, 149] which would need to be addressed in a more compre-
hensive study, as this will be a crucial point for device applications. In principle, the 
deposition of a conducting LB film should be advantageous, because it would make 
the use of the excessively rough ITO as an electrode redundant as the film can po-
tentially be deposited on a polished and microscopically fiat glass substrate, provide 
a transparent conductive electrode and a surface with properties that will assist sub-
sequent layers of fatty acids to arrange themselves in a formation that in turn acts as 
a template for LC alignment. 
6.4 Outlook 
Over the last few decades the Langmuir- Blodgett technique of depositing multiple 
monolayers of organic and metallo-organic molecules onto solid substrates has been 
proven to be very successful. Even though the field appears to have matured there 
remain many questions to answer. New exciting possibilities emerge with the advent 
of powerful supercomputers and sophisticated algorithms predicting molecular prop- 
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erties. In such a way synthetic chemists can be aided in their quest to design and 
produce 'compatible' LC and LB film material. 
Both conductive and non-conductive Langmuir- Blodgett films are a very promising 
tool with which to study the alignment of liquid crystals because of the ease of de-
positing surface layers with tightly controlled properties. Dipping speeds and surface 
pressures which influence the surface structure of the transferred layers can be readily 
varied. Hydrophobic and hydrophilic surfaces can be produced straightforwardly. One 
is almost free in choosing the length of the hydrocarbon tail of the amphiphilic LB 
material so that studies of homologous series of say nCB, nOCB and CH 2+1 C00H 
with n > 11 can be carried out easily, especially as all materials involved are commer-
cially available. This investigation would be a crucial test to what extent LB films of 
fatty acids can act as templates for LC alignment as both materials have long alkyl 
chain and are in that sense similar removing the drawback of e. g. SiO alignment 
layers which are inherently 'incompatible' with the LC. Studying the dynamics of LC 
alignment transitions and the competition between flow and surface alignment will 
prove to be a challenge but also highly rewarding. 
Having experienced the problems discussed in 6.3.4 with LB films which exhibit con-
duction after doping, materials which can be conducting as deposited such as tetrathi-
afulvalene (TTF) - tetracyano-p-quinodimethane (TCNQ) complexes (conductivities 
of up to 500S . cm — ' have been reported) or complexes with donor-acceptor stoichime-
tries other than 1:1 like 1-methyl-1,4-dithianium (MDT)+ - (TCNQ 2 ) salt. Charge 
transfer complexes without long alkyl chains like (tetrabutylammonium)-Ni(dmit) 2 
coated with mono- or multilayers of fatty acid could provide a valid alternative. In 
principle it should be possible to combine all necessary properties of the alignment 
promoting layer in one designer molecular complex (see figure 6.12): The polar head-
group responsible for anchoring onto the substrate is connected to a polymerizable 
group of the molecule which will add robustness and stability to the layer. Attached 
to this part is a charge transfer complex providing the conducting part. The designer 
molecule is then completed by an alkyl chain which provides an alignment template 
for the liquid crystal. Unfortunately such a molecule does not exist yet, but intensive 
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work towards specifying, designing and synthesizing such a multifunctional complex 
has already begun [47]. From a processing point of view the existence of such a ma-
terial would be highly beneficial. A transparent conductive electrode supporting LC 
alignment at the same time would eliminate the costly two state vacuum process of 
sputtering ITO and subsequent deposition of SiO or polymer-coating with an addi-








Figure 6.12: A multifunctional designer molecule - the alignment layer of the future?? 
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test point R [10 	. Q] R0 [10 	Q/D] ARo [10 
1 0.87 4.38 0.06 0.94 
2 3.13 1.76 0.06 8.42 
3 2.08 2.02 0.05 4.88 
4 0.87 4.04 0.05 1.02 
5 1.18 4.29 0.07 1.30 
6 1.03 4.52 0.07 1.08 
7 0.91 3.42 0.05 1.26 
8 2.00 1.98 0.04 4.80 
mean n/a 3.3 n/a n/a 
variance n/a 1.1 n/a n/a 
reference 4.5• 107 n/a n/a 1.00 
ITO n/a 30-10 -5 n/a n/a 
test point R [10 	
. 	 ] 
R0 [10 	Q/E]  Alto [10 	. 	 /D] d [mm] 
la 1.43 4.24 0.07 1.60 
lb 0.71 2.10 0.03 1.60 
2 1.56 1.37 0.03 5.40 
3 4.17 2.17 0.09 9.12 
4 3.33 3.19 0.11 4.96 
5 2.50 6.17 0.17 1.92 
6 0.67 2.51 0.03 1.26 
7 3.70 3.95 0.14 4.44 
8 1.67 5.98 0.12 1.32 
9 1.72 5.52 0.11 1.48 
mean n/a 3.66 n/a n/a 
variance n/a 1.72 n/a n/a 
reference 1.06- 10 7 n/a n/a 1.00 
Table 6.1: In-plane DC sheet resistance measurements of a 19-layer octalpyridinium-
Ni(dimit) film after iodine doping. The voltage applied in all cases was 100 V. The 
reference measurement was taken on an uncoated part of the substrate. The length 
of the carbon cement electrodes were 4.74 mm in all cases. For comparison the sheet 
resistance of ITO is included (see also B.4). 
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Plate 6.1. 	 Alignment patterns of E7 on Cd-arachidate Langmuir-Blodgett 
films, observed tinder white light illumination in transmission 
with crossed polarizers. The cell thickness is 2 im in all cases. 
Plate 6.1.A 	Three mortolayers of Cd-arachidate. The image size is 3 mm 
by 2.2 mm. 
Plate 6.1.B 	Enlargement of plate 6.1.A. Image size 1.5 mm by 1.1 mm. 
Plate 6.1.0 	Three monolayers of Cd-arachidate. Image size is 3 mm by 2.2 
mm. 
Plate 6.1.D 	Three monolayers of Cd-arachidate. Image size is 1.5 mm by 
1.1 mm. 
Plate 6.1.E 	Near homeotropic alignment on monolayer of Cd-arachidate. 
Image size is 3 mm by 2.2 mm. 
Plate 6.1.F 	Near homeotropic alignment on monolayer of Cd-arachidate. 
Image size 3 mm by 2.2 mm. 
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Plate 6.2. 	 Alignment patterns of E7 on Cd-arachidate Langmuir-Blodgett 
films, observed under white light illumination in transmission 
with crossed polarizers. The cell thickness is 2 pm in all cases. 
Plate 6.2.A 	Three monolayers of Cd-arachidate. The image size is 0.7 mm 
by 0.5 mm. 
Plate 6.2.13 	Three monolayers of Cd-arachidate. Pronounced flow defect. 
Image size is 300 urn by 210 urn. 
Plate 6.2.0 	Three monolayers of Cd-arachidate. Image size is 0.7 mm by 
0.5 mm. 
Plate 6.2.D 	Close up plate 6.2.C. Image size is 300 urn by 210 urn. 
Plate 6.2.E 	Close up plate 6.2.D. Image size is 150 jim by 105 itm. 
Chapter 7 
Conclusion 
Knowing is not enough; 
We must Apply. 
Willing is not enough; 
We must Do. 	 Goethe 
7.1 Summary of results 
The aims of this study were to gain a better understanding of ferroelectric liquid 
crystal alignment mechanisms on solid surfaces, in particular on obliquely evaporated 
SiO surfaces, and to improve the alignment uniformity in real devices. 
In order to attain these goals, an approach was chosen that analysed the different 
processes that are necessary to fabricate a liquid crystal device step by step. Starting 
from an investigation of the bounding surfaces, the liquid crystal injection process was 
studied and the macroscopic optical performance of transmissive cells investigated. 
The results can, in principle, be split into two major parts: engineering and physics. 
Here, as is quite often the case, both sectors thrive on each other, it would be wrong 
to look at the results of each subject separately. In the following they are therefore 
intertwined. 
Obliquely evaporated SiO had been chosen as a liquid crystal alignment promoting 
medium because it is a non-contact method to induce a surface anisotropy which in 
turn influences the orientation of the liquid crystal near the surface. Using atomic 
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force microscopy, it was discovered that, contrary to expectation, no particular reg-
ular features develop if thin layers of SiO are deposited at an oblique angle onto the 
cover glass which is coated with a transparent conducting indium-tin-oxide electrode. 
Rather, the SiO morphology corresponds to the underlying grain-subgrain ITO struc-
ture. Using scanning tunnelling microscopy it could be shown that the ITO is very 
rough (20 nm RMS with step heights of up to 100 nm). Chemical mechanical polishing 
reduced the micro-roughness of the ITO, but large step heights were still detectable, 
because as the tips of the subgrains were polished down new channels that separate 
the individual grains open up. An alternative route to reduce the roughness of the 
ITO using electro-chemical methods produced promising results only recently. It has 
also be shown that the SiO films are true monoxide films rather than oxygen deficient 
Si0 2  films (usually termed SiO) and that they contain a large amount of hydrocar-
bons. As the hydrocarbon contamination could not be reduced with the technology 
currently available to us it remains unclear whether it. could influence liquid crystal 
alignment significantly. 
Injecting ferroelectric liquid crystals into a device is a delicate process. Especially 
because the alignment is determined at the first encounter of the LC with the bounding 
surface if at least one of them is coated with SiO alignment-promoting layers. The 
LC appears to be adsorbed strongly onto the thin SiO film, rendering the initial 
LC alignment irreversible. This effect is not observed with polymer-based alignment 
layers. The adsorption mechanism is thought to be caused by hydrogen bonding of 
the LC to the hydrated SiO film. Flow effects are competing with surface alignment 
effects. In all cases, the flow was the mechanism that selected the LC alignment rather 
than surface anisotropy. LC injection has to be carried out either in the isotropic or 
nematic state. The filling velocity has to be tightly controlled as the nematic director 
configuration near the moving contact line oscillation changes with velocity. In a 
certain velocity range an oscillation between both configurations will occur making the 
flow less stable. Flow front uniformity is shown to be crucial for uniform liquid crystal 
alignment. Factors affecting the flow front uniformity are variations in cell gap and 
capillary pinning at pixel edges and spacer particles. The newly developed damascene 
processing abolishes capillary pinning at pixel edges and it could be demonstrated 
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that very uniform FLC alignment is possible across large areas if this post-processing 
technique is applied. LC flow can also be exploited to align LC in cells without 
alignment layers and to (quite literally) 'wash out' LC defects. 
The SiO alignment layer optimization investigation reveals that the best dynamic 
contrast ratios can be achieved at an evaporation angle of 700  with respect to the 
substrate normal. However, in a broad range between 300  to 80° satisfactory contrast 
ratios can be achieved, which, however, are significantly lower than the optimum. 
Cells which are prepared without any alignment layers nevertheless exhibit contrast 
ratios of up 20:1 illustrating the effectiveness of flow induced alignment. All test 
cells have a non-zero extinction angle, indicating that the simple bookshelf geometry 
is not sufficient to describe the electro-optical properties of the LC cells. There is 
a positive correlation between small extinction angles and high contrast ratio. Best 
bistability performance is achieved for large evaporation angles, but an expected effect 
of the alignment layer thickness on the bistability performance is not detected. The 
dynamics of partial bistability are shown to agree with a theoretical model proposed 
by another researcher. The main obstacles on the path to uniform alignment remain 
non-uniform cell gaps which not only cause the optical path length to be a function of 
space but also affect the uniformity of flow fronts, which in turn makes the projection 
of the director onto the bounding plate a function of space. The mechanism of SiO 
alignment, especially how the surface determines the director profile in the cell, is left 
unclear, especially when the SiO film is very thin and even less clear considering the 
roughness of the underlying ITO. 
Very intriguing results were obtained in a pilot study with the aim of using conducting 
Langmuir- Blodgett films as alignment layers obliterating the combined use of ITO 
and a separate anisotropic thin film. The first phase of the study revealed that a 
LC alignment transition on trilayer Cd-arachidate (non-conducting) LB films can be 
induced by heat treatment of the film. Furthermore, the wetting dynamics of the LC 
on the LB-film changed after this treatment. In the second phase LB-films that need 
to be doped with iodine to exhibit any conductivity were deposited and brought in 
contact with a NLC, which aligned homeotropically on the LB-film as deposited, but 
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also removed the dopant from the LB-film leaving it non-conducting. Additionally 
deposited layers of cadmium arachidate to promote planer alignment of the NLC and 
to provide a buffer for the dopant were only successful in improving the alignment but 
not in reducing the detrimental effects of the NLC on the dopant. 
7.2 Future Work 
Several areas have been identified which the author believes to be important for im-
proved device performance and to be a source for further exciting more basic research. 
First of all, several 'mechanical' aspects need to be addressed in due course: 
. Revision of the evaporator set-up considering the lack of uniformity of thin film 
thickness and local evaporation angle. Non-uniformity effects are considerably 
more pronounced on large substrates. 
. Achieving cell gap uniformity of less than 0.1 m with the smallest possible 
number of spacers. This is crucial for optical thickness uniformity, flow front 
uniformity and low defect densities. 
Application of the damascene process to backplanes with VLSI circuitry. 
. Development of new injection strategy like sacrificial metal layers to generate 
an straight flow front before LC enters active area to avoid practical restrictions 
imposed by the presence of bonding wires. 
. Efforts to polish the ITO transparent conductive electrode by elect ro-chemical 
methods should be pursued. 
The following suggestions are envisaged to provide further potential basic research 
projects: 
. Verification and determination of the nature of LC adsorption on SiO using 
e. g. temperature dependent evanescent wave spectroscopy 1 . 
'The experiment to carry out exactly this, has been set up by during the duration of this study 
CHAPTER 7. CONCLUSION 
	
195 
• Investigation of LC pre-transitional behaviour with above apparatus. It would be 
very interesting to see whether the phase induced LC reorientation is proceeding 
from the bulk to the bounding surfaces or vice versa and whether the dynamics 
are different at the I-N and N-SmA transition. 
• The microscopic fluidic re-orientation dynamics close to a moving contact line 
are not understood. The anisotropic nature of the liquid crystal may well help to 
gain a better insight into what happens at the moving contact line. Liquid crystal 
spreading experiments on differently prepared surfaces may help to pinpoint the 
mechanisms of SiO alignment. Capillary pinning appears to provide a valuable 
experimental tool to investigate the flow behaviour of nematics under varying 
boundary conditions. 
• However, the most promising and possibly tractable field from both experimen-
tal, theoretical and computational point of view, are the interactions of LC 
molecules with different types of LB-films. With the advent of ever more pow-
erful computers simulations of liquid crystals from first principles are no fiction 
anymore [42, 43], and simulations of LC interactions with other molecules (or 
surfaces) are planned for the near future. An LB-LC interface would be an 
almost ideal for combined computational/ experimental research. LB-films are 
also interesting from a device point of view as they, themselves being organic 
molecules, would provide a highly ordered buffer layer between the inorganic 
cover glass and VLSI backplane and the LC, which is also an organic molecule. 
7.3 Conclusion 
We have seen that obliquely evaporated SiO can be an aid to align liquid crystals, but 
is not necessary. The aligning power of very thin SiO films is even more surprising as 
their morphology is completely masked out by the underlying ITO structure. Liquid 
crystal flow is shown to play an important role in alignment selection. A new post-
processing step has been shown to improve large scale FLC alignment significantly 
but, unfortunately, never went past the test phase due to severe time restrictions. 
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due to improved flow performance. 
Some questions about FLC alignment have been answered, many new ones have been 




This appendix describes the different statistical tests used to analyse the data in 
chapter 5 and is based on the arguments presented in [154]. 
A.1 Pearson's r 
There are different ways to measure a correlation between variables. The most com-
mon statistic is the linear correlation coefficient r, also called Pearson's r which is 
given by the following formula for pairs of quantities (xi, y), i = 1, . . ., N: 
- )(y2 - 
r = (A.1) 
- )2f>(y - 
where x is the mean of the xi's, and y the mean of the nj 'S. 
The value of r lies between -1 and 1, inclusively. If r assumes one of the two extreme 
values, the data is said to be completely negatively (positively) correlated. In this case 
the data points lie on a straight line, with negative or positive slope, respectively. If 
r is close to zero, the data sets x and y are said to be uncorrelated. 
An important problem is to decide whether an observed correlation is statistically 
significant. Pearson's r itself provides only a poor statistic to make this decision. 
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If certain conditions are met (see [154]), it can be shown that the probability that 
ri should be larger than the observed value in the null hypothesis (x and y are 
uncorrelated), is 
I 	'\ erfc in  (A.2) 
where erfc(x) is the complementary error function. A small value of (A.2) indicates 
that the correlation (the quality of which is given by r) is significant. 
A.2 Spearman's r 8 
The difficulties interpreting the statistical significance of Pearson's r lead to the idea 
of non-parametric or rank correlation. For these statistical tests the value of each x, is 
replaced by the value of its rank amongst all the other xi's in the sample, i. e. 1,.. ., N. 
The same is done with the values of the Now the values of the pairs (xi, y) are 
drawn from a uniform distribution. There is some loss of information associated with 
this ranking procedure, but it has one major advantage: Non-parametric correlation 
is much more robust to spurious fluctuations in the data than parametric correla-
tions [154]. 
The Spearman rank-order correlation coefficient r is defined to be the linear correla-
tion coefficient of the ranks, i. e. 
- )(S, - 
(A.3)= ______________  
- )2\/>.(S. - 
where R, is the rank of x 1 among the other x's and Sithe rank of y 2 among the other 
y's. The significance of a non-zero value of r3 is tested with 
t = r3 
Jl—r 	
(A.4) 
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which is distributed approximately as Student's distribution with N - 2 degrees of 
freedom. A small value of t indicates a significant correlation (r8 positive) or anti-
correlation (r3 negative). 
A.3 Kendall's r 
Kendall's r is based on the correlation of the relative order of ranks, i. e. lower in rank, 
higher in rank, the same in rank. To some extent it is even more non-parametric than 
Spearman's r and the data does not even need to be ranked. Kendall's r is given by 
- 	 concordant - discordant 
T 
- i/concordant + discordant + extra— yconcordant + discordant + extra—x' 
(A.5) 
where the definitions of concordant, discordant and extra-x/y are as follows: 
. a pair of data points (xi, y) and (xi, y 3 ) is called concordant when the relative 
ordering of the ranks of the two x's is the same as the relative ordering of the 
ranks of the two y's. 
• a pair is called discordant when the relative order of the ranks of the x's is 
opposite from the relative order of the ranks of the two y's. 
• if there is a tie (i. e. the x's or the y's have the same relative rank) in the x's 
then this pair is called an extra-y, if the tie is in the y's the pair is called an 
extra-x. If the tie is in both the x's and the y's then the pair is disregarded. 
In the case of the null hypothesis (no association between x and y) Kendall's r is 
approximately normally distributed, with zero expectation value and a variance of 
Var(r 	
4N+1O
) = (A.6) 
9N(N - 1) 
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where N is the number of data points (x i , y). The significance level is computed 














B.1 FLC mixtures 
CS-1031 SCE13 
N* - I 	 (°C) 97 100.8 
SmA - N* 	 (°C) 85 86.3 
SmC* - SmA 	 (°C) 60 60.8 
K - S mC* 	 ( ° C) -12 < 0 
An 0.17 1,3 0.15 2,4 
P8 	 nC/cm 2  -28.1 1  +27.8 2 
tilt angle 9 	 (°) 19 1 
 22 2 
helical pitch 	 (pm) 3 1 - 
rotational viscosity ij 	(mPa.$) 265 1 1006 2 
response time r 	 (us) 26 1,5 33 2,5 
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Data sources: manufacturer's data sheets. SCE13, previously a BDH Ltd. product, is 




N - I 	( ° C) 61 35.3 
K—N 	 (°C) -10 24 
An 0.2246 7,8 0.18 6,8 
n o 1.5216 7,8 1.53 6,8 
Af +13.8 7,10 +11.8 6,10 
(II 
19.07,7 18.5 6,10 
viscosity 	(cSt) 39 7 82 6 
K11 	(1 0-12  N) 11.1 7 4.949 
K33 	(10 12  N) 17.1 7 6.1 
K33/K11 1.54 ' 1.23 
E7 is a common nematic liquid crystal mixture and 5CB is the simplest single corn- 
'at 25 °C 
2  a 20 ° C 
3  a 546 nm 
4  a 589 nm 
5  a 10 V/pm 
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ponent nematic liquid crystal. Data sources: manufacturer's data sheets. Both sub-
stances are products of Merck Ltd. UK. 
B.3 SiO granulate 
The granules for the SiO alignment layers were formerly purchased from Sigma-
Aldrich. They have now stopped the distribution and the material with the following 
specifications (which are identical to the ones of the Sigma-Aldrich product) is now 
available Baizers: 
• granule size < 3.5mm 
• purity 99.9% 
• density 2.1 g/cm 3 
melting point 1705 °C 
• temperature at 10-2  mbarvapour pressure: 1080 °C 
• refractive index at 550 nm: 1.8 - 1.9 
• dielectric permittivity: 5.8 
B.4 Indium-Tin-Oxide cover glass 
The ITO coated glass (BALTRACON 247 LOW OHMIC) used for the majority of 
test cells and devices is supplied by Baizers High Vacuum Ltd. , UK. The substrate 
is soda lime glass with an ITO coating of .1250 A with a resistivity of < 30l/0 and 
6  a 25 ° C 
7  a 20 ° C 
8  a 589 nm 
9  a 28.5 ° C 
' o at 1 kHz 
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a transmittance of > 80% over the whole visible spectrum (> 83% © 550 nm). The 
soda lime glass is buffered with a Si0 2 layer of '700 A thickness. The glass is cut to 
the appropriate size by Instrument Glasses Inc. , UK. 
B.5 Silica Spacer Material 
Spherical silica spacer particles are provided by UBE-Nitto Kasei Co. Ltd., rod-shaped 
spacer particles by Nippon Electric Glass Co. Ltd. 
2.0 2.4 3.1 
shape sphere rod sphere 
mean particle size 	(jim) 2.01 2.39 3.08 
max particle size 	(jim) 2.07 2.62 3.17 
min particle size 	(jim) 1.96 2.18 3.00 
CV value 	 (%) 1.20 3.8 1.13 
B.6 Adhesive - Norland 68 
Norland 68 is a one part adhesive with no solvents and supplied by Thor Labs Inc. 
UK. 
. recommended UV curing intensity > 2mW/cm 2 © 365 nm 
• curing time > 3 minutes 
• viscosity © 25 °C: 5000 cPs 
• refractive index: 1.54 
• hardness - shore D: 60 
• tensile strength: 2500 psi 
11 CV value: (standard deviation/ mean particle size) * 100 
Appendix C 
Acronyms 
AFM atomic force microscope 
CB cyanobiphenyl 
CR contrast ratio 
EASLM electronically addressed SLM 
FESEM field-emission scanning electron microscope 
FLC ferro-electric liquid crystal 
FLCOS FLC over silicon 
ITO indium-tin oxide 
K crystalline phase 
LB Langmuir- Blodgett 
LC liquid crystal 
MD molecular dynamics 
N nematic 
N* chiral nematic 
NLC nematic liquid crystal 
OASLM optically addressed SLM 
SEM scanning electron microscope 
SIMS secondary ion mass spectroscopy 
SLM spatial light modulator 
SmA smectic A 
S mC* chiral smectic C 
SSFLC surface-stabilized ferroelectric liquid crystal 
STM scanning tunnelling microscope 




A amplitude of surface corrugations 
a molecular dimension 
a contact angle 
Ced dynamic contact angle 
b extrapolation length 
B 2 Saupe coefficient 
0 pretilt angle, column tilt angle 
X angle between polarizer axis and optic axis 
CR contrast ratio 
C c-director 
d cell gap 
phase shift, chevron tilt angle 
€ dielectric permittivity 
AE  dielectric anisotropy (Eli - 
E electric field 
77 viscosity 
F evaporation flux, free energy 
7 surface energy, surface tension 
h height 
I intensity, current 
k wavenumber 
k interface normal 
K diffusion constant 
K27  K nematic elastic constants 
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L length 
A wavelength, expansion coefficient 
MW molecular weight 
n refractive index 
n director 
ordinary refractive index 
extra-ordinary refractive index 
An birefringence (fle - n0 ) 
molecular director 
H surface pressure 
spontaneous polarization 
q5 azimuth angle 
S order parameter 
s layer normal for smectics 
T transfer ratio, relaxation time, switching time 
Tb boiling temperature 
Tm melting temperature 
0 tilt angle, polar angle, cone angle 
03 surface polar angle 
00 equilibrium surface polar angle 
U intermolecular interaction energy 
UWN wall-molecule interaction energy 
evaporation angle 
roughness, surface width 
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